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Abstract 
Gold ruby glass has been well-known for its deep red color dating back to 
Roman times but the role of gold nano-particles (AuNPs) in the creation of color was 
revealed only in 20th century. Glass alchemists discovered early on that addition of 
tin promotes the development of color. However, the underlying mechanism, which 
relies on the availability of electrons for oxidation/reduction and growth of AuNP 
above a minimum size, remains unclear. Additionally, very little information is 
available on how the electrical properties of such glasses are affected by the 
presence of gold nanoparticles or tin doping. In this dissertation, a gold-doped 
sodium trisilicate glass has been investigated as a model for metal-glass nano-
composite in order to unravel the origin of the optical, electrical, and thermal 
properties of ruby glass in terms of atomistic structure and microstructure. This study 
also provides an insight on the dynamics of electrons in silicate glasses. 
We investigated the development of the AuNPs by extended X-ray 
absorption fine structure (EXAFS), in situ X-ray absorption near edge structure 
(XANES) analysis, and optical spectroscopy of sodium trisilicate glass doped with ≤ 
0.1mol% of gold (as HAuCl4) and varying amounts of SnO 2 (0.005-0.1 mol%). The 
samples were prepared by the conventional melt-quench technique followed by 
thermal treatment. XANES was measured at the Au L3 -edge and Sn K-edge while 
heating the glass up to 550 °C. Development of the ruby color was followed 
concurrently with in situ optical spectroscopy; the in situ spectroscopy showed a red-
shift and a blue-shift of the surface plasmon resonance peak due to AuNPs forming 
in samples with varying concentration of SnO2 with heat treatment. The XANES and 
EXAFS indicated transformation of ionic gold to metallic gold, and conversion from 
Au-O to Au-Au bonds. SnO2 doped samples had lower metallic gold i.e. Au-Au 
bonds in the as-quenched state, but also had a shorter incubation time and a faster 
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growth of AuNPs during the heat treatment process. The tin remained as Sn4+ ions 
in the distorted octahedral site surrounded by mainly oxygen throughout i.e. both 
before and after the heat treatment. The addition of SnO2 helped gold dissolve in the 
glass matrix during melting, while acting as a nucleating agent at lower 
temperatures. 
Based on above results, a new model for the formation of AuNPs controlled 
by electron (FACE) availability is presented. The model suggests that the electrons 
involved in the reduction process through Au+1 + e- → Au0 control the growth 
process and in tin-free glass they mainly come from NBO. To prove this concept, 
additional electrons were generated by X-ray irradiation.  The results showed a 
faster growth of AuNPs by the availability of these additional electrons, confirming 
that the reduction of gold ions is the rate limiting process that required availability of 
electrons. In addition, the X-ray irradiation produced the ruby color more effectively if 
the sample was irradiated during heating instead of before heating as the irradiation 
created new defects. However, the effect of the reduction process from X-irradiation 
diminished when higher SnO2 was present in the glasses. After the reduction stage, 
the growth of AuNPs, Au0 + Au0 → AuNP, was controlled by the diffusion of gold 
atoms and Ostwald ripening of particles. 
The major factors that determine the influence of SnO2 on the AuNP 
formation include: i) Au+1 is more uniformly distributed in glass matrix of the as-
quenched sample than in the tin-free sample, ii) the electrons associated with SnO	 
unit are more mobile than those associated with the NBOs of silicate network, and 
iii) SnO2 lowers the surface energy as a surfactant so that AuNPs may grow at a 
faster rate. The experimental results are in excellent qualitative agreement with the 
proposed FACE model. 
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From scanning transmission electron microscope observations, spherical and 
non-spherical AuNPs were found in the glass matrix after annealing. In general, the 
average size of gold nanoparticles increased with heat treatment, as expected from 
the growth process. A smaller size and narrower size distribution of AuNPs were 
observed in the sample with higher SnO2 concentration. Different orientations (i.e. 
multiple grains) were found in several AuNPs, possibly originating from the 
coalescence of two particles. Some AuNPs appeared to have a core-shell structure 
but the energy dispersive X-ray spectroscopy did not show higher Sn, Na or Cl 
concentration in or surrounding the AuNPs. 
The Open Z-scan technique showed nonlinearity which demonstrated an 
optical limiting behavior. The samples with higher gold amounts showed a higher 
nonlinear absorption coefficient (β). The addition of tin to the samples caused the 
deep ruby red color within the glass but there was a lower β in these samples. 
Moreover, the tin-doped samples showed a negative or a positive β depending on 
the intensity of laser.  
Finally, the addition of both 0.1 mol% gold and 0.1 mol% tin increased the 
DC electrical conductivity, which originated from the sodium ion transport, as 
compared to the undoped base glass. The activation energy of DC conductivity 
decreased when the amount of tin increased with the gold content kept constant. 
The Na+ ion transport appeared to be different for the two types of dopings: Au 
doping caused general expansion of molar volume whereas tin doping enhanced the 
polarizability of the medium. 
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Chapter 1: Introduction 
1.1. History of gold ruby glass 
The first syntheses of metallic gold nanoparticles in glass date back to the 
5th or 4th century B.C. when “soluble” gold was reportedly made in China and Egypt 
[1]. Since ancient times, such artifacts have been used for both curative and 
aesthetic purposes. The most well-known example of the technology of gold ruby 
glass from ancient times is the famous Lycurgus cup presumably crafted in the 4th 
century A.D. by the Romans.  
The Lycurgus cup appears ruby red in transmitted light and green in reflected 
light. The colors produced in ruby glass depend upon the precise colloidal 
concentration and the particle diameter which in turn are highly dependent on the 
concentrations and oxidation states of certain elements, the time and temperature of 
heating, and the atmosphere during fabrication. This extraordinary cup was first 
mentioned in the literature in 1845 and then acquired by Rothschild family. Prior to 
the 1950s there was doubt as to whether this cup was made of glass or opal or jade; 
it seemed impossible that the technology and knowledge of producing such an 
extraordinary piece of art was available in ancient times. In 1959, X-ray diffraction 
was used to confirm that this cup was truly glass [2].  
The first print book that mentions gold in glass dates back to 1612 (book 7, 
chapter 129 as seen in Figure 1-2) when Antonio Neri described how to make a ruby 
glass by adding gold in his famous book, L’arte Vetraria (The Art of Glass) [3]. This 
book was written based on Neri’s years of experience and experimentation with 
glass. 
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L’arte Vetraria was translated into English in 1662 by Christopher Merret, an 
English physician, botanist, and librarian of the Royal College of Physicians [4, 5]. In 
the English version, Merret added observations to each chapter and also provided 
comments on the furnace construction, raw material, and glass types, almost 
doubling the thickness of the original book. In 1679, a German glass maker and 
alchemist  Johann Kunckel translated the book into German and also included the 
translation of Merret’s comments from the English version [6]. After testing Neri’s 
recipes himself, Kunckel added his comments to each recipe and added some 
practical approaches that involved the European processes and raw materials. 
Kunckel agreed with most of Neri’s recipes but he rejected some recipes as he could 
not reproduce as described in the original book. Kunckel’s expertise is apparent; no 
one had been able to reproduce the legendary glass commercially since the 
Romans until 1679 in Kunckel’s Potsdam factory. Due to this, the ruby glass is often 
referred to as Kunckel glass [7].  After Kunckel’s German version was published, the 
famous book was translated by Baron d'Holbach into French in 1752 [8]. L’arte 
Vetraria was then translated to other languages such as Latin and Spanish [5, 9].  
Another name attributed to the invention of gold ruby glass is Cassius. In 
1685, in his work “De Auro”, Cassius described the purple preparation of gold with 
stannous hydroxide, Sn(OH)2, known as “Purple of Cassius”. This process was 
known to Johann Rudolf Glauber earlier but it was Cassius and his son who 
introduced it into glass melt and observed that the colorless glass turned red after 
reheating [10]. In 1898, R. Zsigmondy, who received Nobel prize in Chemistry in 
1925, reported that colloidal gold particles together with tin compounds are the main 
component of “Purple of Cassius” [11]. 
Today, gold is still used to make ruby glass but cheaper alternatives such as 
copper, selenium, and certain rare earth elements are used to lower the cost of 
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production. The history of gold nanoparticles in ruby glass has paralleled the 
development of the knowledge and technology based on nanosciences and 
nanotechnologies. There is tremendous research being done on the synthesis, 
characterizations, properties, and applications of gold nanoparticles as well as metal 
nanoparticles in general involving multi-disciplinarily areas of chemistry, biology, and 
physics. 
 
1.2. Review of literature on the scientific understanding of 
gold ruby glass 
1.2.1. Purple of Cassius 
The preparation of “Purple of Cassius” had been developed over the years 
and involves two key stages: the formation of gold sol and the subsequent 
stabilization. The first step entails a reduction of gold chloride with stannous chloride 
to gold sol and follows the reaction [12]: 
 2 Au3+ + 3 Sn2+ → 2 Au0 + 3 Sn4+                   (1-1) 
In the model technology, pure of stannic chloride (SnCl4) and stannous 
chloride (SnCl2) reagents are used. In the past, the mixture of Sn2+/ Sn4+ was 
prepared by the dissolution of tin metal in aqua regia (a mixture of nitric acid 
and hydrochloric acid), to produce Sn4+. Then the reduction with tin metal produced 
Sn2+/ Sn4+ mixture. The ratio of the oxide has to be controlled to have a reproducible 
result. Gold colloids are stabilized in the second step to prevent growing during the 
reduction process. The stabilization involves the deposition of the freshly reduced 
gold onto stannic acid which is produced by the hydrolysis of SnCl4 into tin hydroxide 
(Sn(OH)₂). Weyl [10] suggested that the formation of gold and tin hydroxide 
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precipitation happen at the same time. Finally, the stabilized gold sol that is 
deposited onto a colloidal tin hydroxide is filtered, wet milled with glass frit, and dried 
after gold sol is highly dispersed in the frit [12]. 
1.2.2. Lycurgus cup 
The Lycurgus cup was not scientifically investigated until it was acquired by 
the British museum in 1958. The first chemical analysis was done by Robert Brill of 
the Corning Museum of Glass in collaboration with General Electric Company. The 
result showed that the dichroism was related to a small amount of gold (40 ppm) and 
silver (300 ppm) [13]. There was no direct knowledge of what was inside the 
Lycurgus cup until Barber showed that this glass contained tiny amounts of Au-Ag 
particles, 50-100 nm in diameter, and that it was the particles which gave it these 
unusual optical properties. When the cup is lit from the outside, the green color 
results from the scattering of 50-100 nm particles precipitated in the cup. The red 
color, when it is illuminated from inside, is due to the absorption; the green 
wavelength is absorbed and the transmitted light appears red.  
The alloy particles contain silver, gold, and copper in the ratio of 66.2 (± 2.5) : 
31.2 (± 1.5) : 2.6 (± 0.3), respectively [14]. However, its bulk glass had a ratio of 7:1 
between silver and gold, as seen in Table 1-1, compared to a ratio of about 7:3  
nanoparticles which suggests that a substantial proportion of silver or gold still 
remained dissolved in the silicate glass matrix after precipitation of the alloy 
particles. Normally the reduction of gold and silver occur via the redox reaction 
which involve polyvalent ions. The assumption of the redox reaction still remains 
unclear as to which reducing agent was used. Barber and Freestone [14] suggest 
that the reducing agent might be manganese, iron, and antimony. Later, Freestone, 
et al. [2]  narrow down the key agent to most likely be antimony, existing at 0.3% in 
Lycurgus cup, which was commonly added to glass in Roman era both as an 
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oxidizing agent (decolourant) and as a reducing agent (opacifier or colourants). In 
addition, Kaminskaya et al. [15] showed that the addition of halides stimulated the 
development of color in the glass.  
1.2.3. Gold doped glass 
There are several ways to add gold to make ruby glass. The addition of 
“Purple of Cassius” to the melt is one way to make gold ruby glass. Giovanni 
Darduin (1585 – 1654) described a second way in his manuscript:  the addition of 
sodium chloride to gold leaves until the gold leaves became crumbly. The process is 
described again by Orschall in 1684, stating that after 8 hours the salt turns purple. 
Neri mentioned this process in his book (1612):  “…, then this powder added in 
sufficient quantity, and by little and little, to fine Crystall glass which hath been often 
caft into water, will make the transparent red of Rubie as by experience is found.”, as 
shown in Figure 1-2 (b). Weyl [10] summarized the knowledge in nineteenth century 
and included his own experiments about how to make colored glass in his book, 
Colored Glasses, published in 1951. He mentioned that metallic gold can be added 
to glass but it is slower than adding it as gold chloride or in the form of “Purple of 
Cassius”. Normally, the process of making gold ruby glasses involves three steps: 1) 
the addition of gold to the melt in the form of gold chloride or “Purple of Cassius” (at 
this stage glass is colorless), 2) rapid quenching (at this stage glass could form color 
or remains colorless), 3) reheating or annealing, the so called “striking step”, in 
which the red color appears. 
Weyl [10] summarized the four steps for different types of gold doped glass 
into a schematic as seen in Figure 1-3. He proposed that during the cooling of glass 
the supersaturation of gold leads to the formation of gold nuclei. There are two 
corresponding cases depending on the solubility of glass. In one case, the gold in 
relative low viscosity and low solubility glasses, such as sodium silicate or borate 
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glass when solubility of gold is only few percentages, forms large AuNPs and a 
brownish color indicating spoiled or bad glass (Type II). These low solubility glasses 
do not allow recrystallization in the normal temperature rage for the striking step. 
When heated to high temperatures for a long time, the AuNPs in this glass (Type II) 
coagulate to secondary particles or clusters leading to strong brown reflection color 
(Type III). In the second case, glasses containing lead, tin, or bismuth increase the 
solubility of gold, especially in the low temperature range, resulting in less steep 
solubility. The nuclei of AuNPs are produced during the cooling of these glasses 
when the supersaturation has become sufficiently high but substantial amount of 
gold remains in atomic dispersion (Type IV). When Type IV glass is heated to the 
striking temperature the nuclei grow and change color to pink then to deep ruby but 
the glass still remains transparent (Type V). 
For soda-lime silicate glass which has a glass transition temperature (Tg) ≈ 
560 – 580 °C, the change of the color is shown in Table 1-2. At 575 °C, the bluish-
purple color that appeared after being treated for 9 hours in the heat gave the 
maximum absorption at wavelength 560 nm. The suitable range of temperature to 
introduce ruby glass is around 675 °C and the maximum wavelength at 550 nm does 
not change with time. At 700 °C, the AuNPs grow into larger particles resulting in 
more reflection and causing a scattering effect so the maximum wavelength shifts to 
560 – 570 nm. After annealing at 700 °C, the color of the glass sample appears blue 
in transmitted light and brown in reflected light due to the larger AuNPs. 
Since Weyl, tremendous work has been done on gold ruby glasses to find the 
correlation between the size and the color of glass. Several results from the 
calculation and characterization are shown in Table 1-3. The data shows a 
contradiction of the size of AuNPs for gold ruby glass between the theoretical and 
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experimental result. For example, Mennig et al. [16] calculated the absorption 
spectra based on Mie’s theory and concluded that the size of AuNPs for ruby glass 
was less than 10 nm. However, the observation from TEM and small-angle X-ray 
scattering (SAXS) by Baozhong et al. [17] showed that gold ruby glass could have 
AuNPs as big as 55 nm. 
There is also a contradiction as to whether gold remains as gold ions or 
metallic gold in as quenched glass (Type I). Weyl [10] supported the idea of gold 
dissolving as gold atoms in the molten glass and upon cooling, having the gold 
atoms form nuclei. However, the Mössbauer spectroscopy by Wagner suggested 
that gold dissolved in silicate glass as Au+ linearly coordinated to two nearest 
oxygen neighbors [18]. Tress [19] suggested a combination of Au+ and Au0 based on 
the chemical potential of oxygen. 
1.2.4. Tin in gold-doped glasses 
Using a mixture of tin and gold for making ruby glass has a long history. A 
piece of Kunckel ruby glass found in Kunckel’s factory at Peacock Island was 
analyzed and was found to contain 160 ppm of gold and 525 ppm of SnO2 [20]. In 
the Kunckel ruby glass, the size of AuNPs were ~ 40 nm. When tin compounds are 
used in ruby glass, they are believed to act as a reducing agent. Addition of tin or 
stannous oxide is essential as a reducing agent in copper-ruby glasses. However, 
this explanation is not straight forward to gold-ruby glass as the glass is known to 
remain unaffected by oxidizing or reducing melting condition [10]. Tin is also known 
to increase the speed with which the glass strikes red. Stannous oxide (SnO) is 
considered a network as modifier oxide because it has a strong flux property and a 
stannous silicate melts below 900 °C. On the other hand, stannic oxide (SnO2) is 
considered to take part in the network formation where SnO44- groups interchange 
with SiO44-. However, stannic oxide dissolves very slowly when entering the silica 
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network, which is also true for other oxides such as aluminum oxide, titanium oxide, 
and zircomium oxide. The low solution rate implies that high activation energy is 
required to break the strong Si-O bonds which have to be opened to accommodate 
the new anionic groups. In the binary and ternary glasses, Pyare and Nath [21] 
found that when SnO was doped to the raw material,  Sn4+ was mainly found in glass 
along with small amounts (less than 6%) as Sn2+. Benne et al. [22] concluded that 
Sn4+ ions in tin-doped soda-silicate and soda-lime-silicate glasses distorted the 
octahedra with strong ionic bonds. However, there is a possibility that the Sn4+ could 
be present in tetrahedral coordination [23]. Holland et al. observed that the addition 
of an alkali to a glass containing tin stabilizes Sn4+ in the glass structure when high 
concentration of SnO was present [23]. In either case, the connectivity of the 
network increased. A decrease in diffusion rate of gold doped with ions of non-noble 
gas characteristics such as tin, bismuth, lead, and cadmium has also been reported. 
Some of the ions increase the solubility of the metal in the glass and that can 
increase the activation energy of the diffusion process. Marboe and Weyl [24] 
investigated of the diffusion rate by absorbing gold on the surface of several 
substances and observed the aggregation through its color change. In case of a 
weak bond, as in quartz, the gold diffuses and aggregates to large gold crystals. Tin 
dioxide, however, prevented the aggregation and slowed down the process when 
coated to other substances. Williams et al. [25] measured the small-angle X-ray 
scattering of sodium silicate glass doped with Au (0.02 wt%) and SnO2 (0.2 or 0.4 
wt%) and concluded that existence of tin helps the ‘striking’ process. However, the 
more SnO2 was added, the slower became the kinetics of ‘striking’. They also 
concluded that SnO2 increased the solubility of Au and increased the nucleation rate 
for precipitation. Krohn et al. [26] studied the effect of tin oxide from 0 to 3 mol% on 
the physical properties of soda-lime-silica glass. Substituting tin for sodium in the 
SnO2-siligate glasses results in an increase in the elastic modulus which in turn 
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results from the increase in the glass network connectivity. The results also suggest 
that Sn4+ has more direct effect on network connectivity than Sn2+. In this 
perspective of metal to glass adhesion, Haslbeck et al. [27] reported that tin might be 
incorporated into the metallic particles.  
Haslbeck et al. [27] proposed three hypotheses as to how tin speeds up the 
kinetics in the formation of the metallic gold particles: (i) tin could serve as a 
condensation site for the gold nanoparticles (AuNPs), (ii) tin may act like a surfactant 
and lower the surface tension of nanoparticles in the glass system, and (iii) tin is 
involved in the redox mechanism, which usually occurs during the formation of 
“Purple of Cassius”. Additionally, Haslbeck proposed that tin might act as a catalyst 
because the small amount of tin might not be enough to reduce all Au+. 
The initially colorless glass with Au+ ions becomes ruby colored after a heat 
treatment with the formation of AuNPs that have plasmon resonance frequency at 
suitable visible wavelengths. The heat treatment, known as “striking glasses”, 
combines the reduction and growth process. The following reaction was believed to 
occur if reducing species are present to provide electrons [28-31]: 
Au+ + e- → Au0              (1-2) 
The growth process of AuNP occurs as neutral Au0 atoms agglomerate to the 
desired size by the following reaction: 
Au0 + Au0 → AuNP      (1-3) 
In the case of compositions without a reducing agent, the mechanism of 
reduction of Au+ to Au0 is more complicated and the atomistic nature of this process 
remains an open question [18]. It is unclear which process, i.e., reaction (1-2) or (1-
3), is the rate-limiting step of AuNP formation during the striking of ruby color. 
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Comprehending this stage is important not only for the understanding of the  ancient 
ruby glass coloration process, but also for understanding the broader nature of 
electrons in oxide glasses that are otherwise electrical insulators and do not have 
free electrons.  
1.2.5. Unconventional preparation and compositions of gold doped 
glass 
The conventional melt-quenching method has been the main production 
technique for ruby glass since the Roman era. However, there are several works 
that did not use the conventional melt-quenching method to make ruby-glass but 
rather irradiated with laser, X-ray, gamma ray, and ultraviolet light. These irradiations 
create defects inside the glass which generate electron-hole pairs. Subsequently, 
electrons are used in redox reactions to reduce ionic gold to metallic gold. For 
example, gold doping glasses were irradiated by a femtosecond laser, a 
nanosecond laser, or X-ray and annealed [32, 33]. Ruivo et al. [34] used gamma 
rays and successive heating to create gold ruby glass without using a reducing 
agent. Eichelbaum et al. [35] used X-ray lithography to create microstructures with a 
lateral width of 5 µm on gold doped silicate glass. Kassap et al. [36] used an rf-
sputtering technique to sputter pure gold with other glass targets simultaneously to 
create AuNPs inside an amorphous thin film. 
Gold was doped in many glass systems, not only in silicate systems. Several 
glasses were investigated including borate, phosphate, tellurite, and germanate 
glasses [37-41]. These glasses also demonstrated several interesting properties. For 
example, gold in chalcogenide glasses, As2S3 and As2S5, increased the conductivity 
of glass by two orders of magnitude and the conductivity did not follow Arrhenius 
behavior at a certain temperature range [42]. There have several studies conducted 
to enhance the photoluminescence of rare-earth ions by adding AuNPs. For 
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example, Kassab et. al found a 1000% increase in the photoluminescence of Eu3+ 
in GeO2–Bi2O3 glasses which resulted from the increased local field in 
the Eu3+ locations due to the presence of the AuNPs and the energy transfer from 
the excited AuNPs to the Eu3+ ions [40]. Som and Karmaka doped gold-silver alloy in 
antimony based glass (K2O - B2O3 - Sb2O3) which enhanced fluorescence of 
Sm3+ about two fold [43]. Sol-gel derived gold in silicate glasses showed high third-
order optical nonlinearities [44]. Silva et al. [45] showed that gold in TeO2 - PbO - 
GeO2 glass systems decreased the temperature coefficient of the optical path length 
(ds/dT) as the concentration of gold nanoparticles increased. Kassab et al. [36] co-
sputtered pure gold in TeO2–ZnO and GeO2–PbO amorphous films. Jinhao et al. [46] 
obtained a relatively high refraction index of about 1.65  and the absorption spectra 
of gold in BaO-SiO2-B2O3-ZnO system blue-shifted due to BaO and TiO2. 
Not only gold ruby glass,  but also  metal-glass nanocomposites in general, 
have attracted interest because of the glasses’ potential in a wide range of 
applications in optical, optoelectronic, and photothermal devices such as Bragg 
gratings, sensors, optical amplifiers, switches, polarization control, local heating 
sources, etc. [35, 47-49]. 
1.2.6. Optical properties of ruby glass 
The ruby color of gold doped glass is not just due to light scattering but rather 
from so-called plasmon resonance. Plasmon resonance is a well understood 
phenomenon which is quantitatively described by the Mie theory by solving 
Maxwell’s equations for a spherical particle interacting with a radiation field under 
the appropriate boundary conditions [50-52]. Mie’s work can predict the extinction 
spectra of spherical particles of different size. After Mie, numerous researchers have 
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investigated the small metal particles, especially gold, silver, and copper, because of 
the unusual optical properties [53-56]. 
A light passing through a colloidal dispersion of gold (or other metallic) 
nanoparticles is attenuated by the combined contribution of absorption and 
scattering, as given by [29]: 
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where I0 is the intensity of the incident beam, I(z) is the intensity of the exit beam, Z 
is thickness of the sample, n0 is the number density of particles and Cext = 
(Cabs + Cscat) is the extinction cross-section of a single particle including the sum total 
of the absorption and scattering cross sections respectively. The product n0Cext is 
often termed as the extinction coefficient  and it has units of reciprocal length. 
The extinction spectra of spherical particle can be written as [29]: 
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where Np represents the number concentration of particles, R is the radius of 
particle, *+ is the dielectric constant of matrix, , is the wavelength and *∗ is the 
complex dielectric constant of particles, *∗ = *. − /*". The resonance condition is 
satisfied when *. =  −2*+.  
It is obvious from Mie’s theory that a change in the plasmon peak to a longer 
wavelength results from an increase in the dielectric constant of the matrix. In 
addition, a decrease in particle spacing [57] and an increase in particle size also 
cause a red shift [53, 58, 59]. The absorption spectrum determined by UV–vis 
spectroscopy is a measure of attenuation caused by the dispersion of gold 
nanoparticles and is thus related to the absorption cross section. In fact, in spherical 
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particles with diameters smaller than 30 nm, the absorption dominates the extinction 
spectra because the scattering part is negligible. This approximation appears to be 
still applicable for particles as large as 60 nm, as seen in Figure 1-9 [60, 61]. The 
surface plasmon resonance (SPR) of gold, which causes the absorption, is a 
collective resonant oscillation resulting from electromagnetic field’s interaction with 
the free electrons of the conduction band (6s electrons in the case of gold). SPR is a 
small particle effect which does not occur in individual atoms or in the bulk. In fact, 
the SPR is absent for AuNPs that have diameter less than 2 nm as well as for bulk 
gold [62]. For AuNPs of mean diameter of 9, 15, 22, 48, and 99 nm, the SPR was 
observed at 517, 520, 521, 533, and 575 nm, respectively, in aqueous media [1]. 
The typically observed band occurs 520-590 nm in glass containing colloidal gold 
and a similar SPR occurs 430-450 nm in glasses containing colloidal silver [10]. The 
copper containing glass appears red with SPR at 565 nm [63]. In this case, it is 
possible that the color comes from both metallic copper and Cu2O. The solubility of 
silver and gold is limited in silicate glass but copper has larger solubility allowing 
lager number of colloids [52]. Doremus suggested that the optical absorption by gold 
particles made of 20-50 atoms and embedded in glass comes from free electrons 
and is proportional to λ-4. It originates from ε2 proportional to λ3 where λ is 
wavelength  and ε2 is the imaginary part of the complex dielectric constant in bulk 
gold [64].  
If one examines AuNPs’ size, 55 atoms of gold have a diameter of 1.4 nm. In 
fact, the number of atoms in gold clusters is based on the dense packing of atoms. 
In a spherical cluster each atom is surrounded by 12 nearest neighbors. Thus, the 
smallest cluster contains 13 atoms, and the following layers contain 10n2+ 2 atoms, 
where n is the layer number. Therefore, the next layer contains 42 atoms or 55 
atoms of gold cluster with a diameter of 1.4 nm which was verified in [Au55 (PPh3 )12 
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Cl6 ] by Schmid’s group [65]. The larger clusters contain 147, 309, 591, 923, 1415, or 
2057 atoms (n = 3-8). When particle size decreases, the position of SPR blue shifts 
as well; it decreases in intensity and causes broadening of SPR. However, the SPR 
width was found to increase with decreasing size when mean diameter was smaller 
than 25 nm, and also to increase with increasing size when mean diameter was 
larger than 25 nm [1]. Figure 1-10 shows UV-vis spectra of AuNPs from 30-100 nm 
which SPR red shifts and is wider with increasing size. Moreover, the position of 
SPR depends on shape, topology, and the dielectric environment of the metal 
clusters [60, 66]. 
It is known that Au colloid particles have a large third order nonlinear 
susceptibility χ(3)  and a near-resonance nonlinear response that is fast on the 50 ps 
time scale [67-69]. In fact,  small amount of gold clusters in glass with a volume 
fraction ~ 10− 5 − 10− 6 could enhance χ(3)  by several orders [67]. In addition, Fukumi 
et al. [70] found that χ(3) of this glass was proportional to the fourth power of the 
radius of the colloid particles. Recently, Rajaramakrishna et al. showed opposite 
nonlinear response of AuNPs in lead lanthanum borate glass by Z-Scan 
technique[71]. In his experiment, the heat treated samples showed saturable 
absorption (SA) at low input intensities and as-prepared samples showed reversible 
saturable absorption (RSA) at higher intensities. These nonlinear behaviors of gold 
doped glasses have the potential for use in photonic devices such as optical 
amplifiers and optical limiters. 
1.2.7. Electrical properties of gold doped glass 
Common silicate glass is a good electrical insulator at ambient temperatures, 
but become moderate conductors at elevated temperatures where alkali ions (if 
present) become sufficiently mobile. It is important for both the fundamental 
materials science and technological applications to understand how the metals, 
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which are good conductors when precipitated in glass, could affect the movement of 
the alkali ions. It would be very useful if the addition of AuNPs or other metal 
nanoparticles could improve the conductivity of glass without adversely affecting its 
transparency or other optical properties. According to the widely recognized 
Anderson-Stuart model,  a basic ion jump requires overcoming two kinds of energy 
barriers: overcoming the electrostatic binding energy between the mobile cation and 
its charge compensating center nominally identified as a non-bridging oxygen and 
overcoming the steric effects as the ion travels through the glass network [72]. 
Previous studies have postulated that ruby glass exhibits an additional electronic 
transport through small polaron hopping at low temperatures [38, 41]. Moreover, 
Brust et al. [73] found that the electrical conductivity (α) of AuNPs cross-linked with 
organic dithiols also showed Arrhenius behavior (ln(α) proportional to 1/T) with 0.03-
0.14 eV of activation energy. The activation energy decreases with the increasing 
size of particles and decreasing interspacing between particles. These values are 5-
20 times smaller than normal activation energy of common silicate glass which is 
around 0.7-1.0 eV. The low activation energy indicated that the conductivity might 
due to electron or polaron hopping. However, it remains clear how these metal 
nanoparticles in such low volume fraction could enhance the conductivity. 
The understanding of the formation of AuNPs is important so that their size, 
shape, distribution, etc., may be controlled in order to obtain desired properties and 
optimize the fabrication processing. Important questions remain about the formation 
of AuNP; for example: From where do the electrons needed for the reduction of Au+ 
ions come? How mobile are these electrons in the otherwise colorless glass? How 
do the gold atoms move inside the glass, and how do the particles grow? So far, the 
nucleation kinetics of metal nanoparticles was investigated by following the growth of 
the particles, but without commenting on the electrons that are required for the very 
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first step, viz. reduction reaction. Various in situ experiments were used to 
investigate the growth process including small-angle X-ray scattering (SAXS), wide 
angle X-ray scattering (WAXS), UV-Vis spectroscopy, TEM, and X-ray absorption 
fine-structure (XAFS) spectroscopy [25, 64, 74-79]. SAXS mainly probed the growth 
of nanoparticles in glass by determining the volume fraction, number of particles, 
and the size of particles from less than 1 nm to 100 nm [80, 81]. UV-Vis 
spectroscopy was used to investigate the growth of particles by the optical 
absorption of AuNPs but is limited by the fact that the SPR signal appears only after 
the AuNPs have become larger than ~ 3 nm [82]. XANES spectroscopy is a powerful 
technique used to investigate the oxidation state of very dilute samples, even small 
clusters of AuNPs [83, 84]. However, the normal doping concentration of gold in ruby 
glass is several hundreds ppm or less. Most synchrotron beam lines do not have 
sufficiently sensitive X-ray detectors such as Ge-detector or silicon drift detector 
(SDD). Therefore, very few studies of XAFS on gold ruby glasses are reported. In 
one such study, Eichelbaum et al. [85] found Au3+ species in silicate glass containing 
gold after activated by X-ray radiation. In any case, these XANES result contradict 
those of Mössbauer spectroscopy that indicated Au1+ as the main form of gold inside 
silicate glass [18]. 
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Table 1-1. The composition of Lycurgus cup based on Chirnside and Profitt (1963 
and 1965), Brill (1965), and Chirnside (1965). Adopted from Barber et al. [14] 
SiO2 73.5 Fe2O3 1.5 SnO2 < 0.01 
Na2O 13-15 P2O5 0.2 B2O3 0.1 
CaO 6.5 MnO 0.45 TiO2 0.07 
Ka2O 0.9 Sb2O3 0.3 Ag 0.03 
MgO 0.5-0.6 CuO 0.04 Au 0.004 
Al2O4 2.5 PbO 0.2   
 
Table 1-2. Color change of gold ruby plate glass with temperature and time of heat 
treatment, adopted from Yamane [86]. 
Temperature (°C) 
Time 
2 h 4.5 h 9 h 
575 colorless bluish-purple bluish-purple 
600 purple purple ruby 
675 intense ruby intense ruby intense ruby 
700 blue*, brown** blue*, brown** blue*, brown** 
* transmitting light, ** reflected light 
 
Table 1-3. The color  of  the  glass  and  corresponding  size  of  AuNPs  according  
to  different  authors, adopted from Stålhandske [87]. 
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Figure 1-1. The famous dichroic glass Lycurgus cup, at the British museum 
shows (a) green in a reflected light and (b) ruby red in a transmitted light (from the 
British museum free image service). 
 
  
Figure 1-2. (a) The title page of L’arte Vetraria, the first printed book devoted 
to the glass making (picture form Corning Museum of Glass [5]) and (b) the 
translated version of chapter 129 (CXXIX) described how to use gold to make ruby 
glass by Christopher Merret. 
(a) (b) 
      (a)  (b) 
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Figure 1-3. A simplified schematic of different type of gold-containing glass 
proposed by Weyl adopted from [12]. 
 
 
Figure 1-4. Proposed hypothese of tin catalyst by Haslbeck et al. 
 
 
Figure 1-5. A gold doped glass was written with synchrotron X-ray 
lithography, and annealed for 30 minutes at 550 °C. The width of lines and spaces is 
5.0 µm [35]. 
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Figure 1-6. A gold doped glass (0.01 mol%) was written with the 
femtosecond laser irradiation: a) gray butterfly (without annealing); b) red owl (with 
annealing) [33]. 
 
 
 
 
Figure 1-7. A localized surface plasmon resonance in metal spheres when 
interacting with an electromagnetic field [88]. 
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Figure 1-8. The size of AuNPs as a function of the wavelength for the 
absorption maximum. The area enclosed by the two black lines contains gold 
colloids in water compared to in glasses, adopted from Stålhandske [87]. 
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Figure 1-9. Theoretical absorption and scattering cross-section for AuNPs 
between 1 to 80 nm, ωp is the bulk plasmon frequency and εm is the dielectric 
function of the matrix [61]. 
 
 
Figure 1-10. Optical spectra for AuNPs with particle sizes ranged from 30-
100 nm in aqueous solution [89]. 
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Chapter 2: Statement of Purpose 
2.1. Challenges of research on gold ruby glasses 
In spite of numerous studies of gold doped glass, there is still a lack of full 
understanding of the underlying mechanism of gold formation. As such, there are 
very few investigations of a chemical and atomistic approach on gold ruby glasses 
because of low concentration of gold doping (typically several hundreds ppm or 
less). Most of conventional analytical techniques, such as X-ray photoelectron 
spectroscopy (XPS), are not sensitive enough to probe such low concentrations of 
gold. In principle, the synchrotron light source can offer advantages, including a 
higher flux of X-ray and energy selectivity by monochromator. However, many 
synchrotron beam lines do not have sensitive enough X-ray detectors such as Ge-
detector or silicon drift detector (SDD). 
Tin has been used to speed up the formation of gold in ruby glass. 
Presumably, tin is  the provider of an electron through Sn2+ → 2e- + Sn4+ oxidation 
reaction; this reaction is needed for the conversion of gold ions to neutral atoms [10]. 
However, there is no direct evidence of the oxidation of tin during the formation of 
gold. Optical measurements have been used to follow the kinetics of the formation of 
AuNPs, but their size has to be larger than a few nanometers in diameter to be 
detected by UV-Vis spectroscopy, the only technique to confirm the metallic gold 
stage. Mössbauer spectroscopy could be used to find direct evidence of gold and 
the tin oxidation state [18, 27] but it is impossible for in situ experiment since the 
collection time is longer than the change in the oxidization state. Mössbauer 
spectroscopy can disclose the beginning and the final stage of the gold and tin 
oxidation but it lacks precious data during the formation of gold while the glass is 
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heated up to the striking temperature. For these reasons, in situ observation of gold 
and tin oxidation states is still challenging. 
For the development of new applications, an understanding of the optical, 
physical, and electrical properties is important. Although ruby glass has existed 
since the ancient times and the optical effects of AuNPs in glass are well reasonably 
understood, very little is known about the corresponding electrical effects. The latter 
is important for exploiting metal nanoparticle-glass composites as multifunctional 
materials. Recently, studies have shown that ruby glass exhibits higher conductivity 
than the base glass; however, there is a lack of complete knowledge of the origin of 
this effect [41].  
 
2.2. Objectives of the present work and approaches  
The above analysis of the literature on gold-based ruby glass raises several 
questions regarding the mechanisms of its preparation and properties which still 
remain unclear in spite of their long history: 
What is the rate limiting process in the formation of AuNPs, which is 
responsible for various characteristics of ruby glass?  
How does tin help speed up the formation of metallic gold particles in ruby 
glass? 
How do gold and tin dopings of a simple binary sodium silicate ruby glass 
affect its physical properties such as electrical conductivity, color and optical 
nonlinearity?  
The objective of my dissertation is to answer these key questions pertaining 
to the preparation and properties of ruby glass. Accordingly, in this work I propose to 
28 
 
correlate the optical, electrical, and thermal properties with atomistic structure and 
microstructure of gold-based metal-glass nanocpomosites. Several techniques of 
structural characterization and physical measurements are used: ultraviolet and 
visible absorption spectroscopy (UV-Vis), Fourier transform infrared spectroscopy 
(FT-IR), open-aperture Z-scan, Archimedes method for density measurement, 
impedance spectroscopy for electrical conductivity,  X-ray absorption near edge 
structure (XANES), extended X-ray absorption fine structure (EXAFS), differential 
scanning calorimetry (DSC), transmission electron microscopy (TEM), and scanning 
transmission electron microscopy (STEM). 
 
2.3. Outline of this dissertation 
First, the ruby glasses are prepared with varying tin and gold concentration in 
simple binary sodium silicate system. To answer the first question, the oxidation 
state of gold will be established first at different stages of glass. The state of gold 
presumably transforms from ions in a solid solution to nanoparticle precipitates, tens 
of nm in size, when the sample is subjected to a controlled heat treatment. Ideally, to 
avoid ambiguity, one should monitor the above mentioned structural and optical 
changes simultaneously. Such in-situ characterization can be best accomplished 
using X-ray absorption spectroscopy at a synchrotron. XANES is the most suitable 
technique to determine the chemical or electronic state of gold in low concentration 
sample. Then, to establish suitable heat treatment conditions, we will first measure 
UV-vis spectra as a function of temperature. Based on this information, we will 
conduct XANES experiments. Our main interest is in the kinetics of the change of 
the oxidation state of gold, which will be determined from experiments conducted 
around Au’s L3 edge. Since previous experiments have shown time dependent 
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changes in oxidation state of gold after the heat treatment [27], we will need to also 
obtain oxidation state information at temperature and time points. Initially, the 
samples will be annealed for varying times which will be define the baseline to 
monitor transition from Au+ or Au3+ to Au0. Next, to determine the rate-limiting 
process, X-ray irradiation will be used to generate more electrons in glass. We will 
monitor the formation of gold as the sample is subjected to X-ray exposure that 
generates electron-hole pairs and determine whether or not it correlates with the 
formation of AuNPs. The in situ optical experiments will then be performed under X-
ray irradiation. Presumably, these electrons will help the reduction process, Au+ + e-
→ Au0. Nevertheless, our experiments will include an estimation of X-ray induced 
changes in the samples. Thus a series of samples will be measured by XANES and 
UV-Vis spectrometer four main conditions: (i) on a sample with heat treatment in 
dark before XANES and UV-Vis measurement which will serve as a baseline for the 
X-irradiated samples, (ii) on a sample that is subjected to X-ray irradiation at room 
temperature to monitor its effect on the optical properties of glass, (iii) on a sample 
subjected to X-rays during the heat treatment to investigate the growth of AuNPs as 
affected by X-irradiation, and (iv) on samples with X-ray irradiation before and during 
the heat treatment to compare the effectiveness of the continued availability of 
electrons induced by X-irradiation. For the last three conditions, the growth of AuNPs 
will be monitored by in-situ UV-Vis measurements. 
To answer the second question about the role of tin in AuNP formation, we 
will monitor the oxidation state of the K-edge of tin by in situ experiments in the 
same way as the oxidation state of gold. The kinetics of AuNPs formation from 
XANES will be correlated with information obtained from UV-Vis spectroscopy. 
Moreover, TEM and STEM will be used to find out the size distribution of AuNPs in 
the samples. In addition, the atomistic position of tin in the glass structure and 
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nanoparticles will be revealed by EXAFS. EXAFS data from the gold and tin before 
and after the heat treatment will be analyzed to determine the distance to the 
neighbor atoms, the coordination number, and the degree of disorder (the so called 
Debye-Waller factor, relative squared vibrational amplitude) due to the thermal 
disorder. EDX element mapping, as well as line scan across AuNPs, will be 
investigated to confirm whether or not AuNPs form core-shell structure while co-
doping with SnO2. 
To answer the final question about how gold and tin doping affect the 
physical properties of ruby glass, electrical conductivity, density, FT-IR, DSC, and 
optical nonlinearity will be measured. The electrical measurement will be made to 
obtain information about DC electrical conductivity, activation energy, and dielectric 
properties such as dielectric constant and dielectric loss. The density test can 
indicate the change in the free volume inside glasses. Mid-infrared FT-IR 
spectroscopy will be used to find the change in stretching vibrations of Si-O bonds 
where silicon bonds to bridging oxygen (BO) and non-bridging oxygen (NBO). The 
glass transition temperature (Tg) obtained by DSC is a good reference for thermal 
properties since Tg can be used as an indication of how strong is the glass network 
which might be affected by the dopants. The optical nonlinearity will be measured by 
using open-aperture Z-scan method to determine the nonlinear absorption 
coefficient of heat-treated samples with different concentration of gold and tin. 
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Chapter 3: Experimental Methods 
The theoretical background and technical details of the major experimental 
techniques for fabrication and characterization of glass samples are described in this 
chapter. 
 
3.1. Material Selection 
The classic binary sodium trisilicate (Na2O-3SiO2) glass is used in this study 
because of its well-known optical, thermal, and electrical properties as well as its 
local structure. Sodium silicate glass is considered a binary glass that has silicon 
oxide as a glass forming network and sodium oxide as a glass modifier. This 
composition makes homogeneous glass, i.e., glass without any phase separation. 
The glass formation in sodium silicate system occurs for no more than 58 mol% 
Na2O by conventional melting [90]. SiO4 tetrahedron is the basic unit of silicate glass 
in the random network model proposed by Zachariasen as shown in Figure 3-1. 
Sodium occupies interstitial space and has a positive charge as shown in Figure 3-2. 
When sodium enters the glass network, primarily covalent bonds between silicon 
and oxygen are replaced by ionic sodium oxygen bonds, as shown by the reaction 
below: 
    |             |                          |                            | 
– Si – O – Si - + Na2O → – Si – O- Na+ + Na+ -O – Si –                (3.1) 
    |             |                      |     | 
 
The oxygen that breaks a covalence bond from silicon is called non-bridging 
oxygen (NBO), resulting in the reduction of the connectivity of the glass network. 
One Na2O is expected to create two NBOs to keep the charge neutral which 
increases properties related to the mass transport: fluidity, diffusion, electrical 
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conductivity, and chemical corrosion. The molar volume and thermal expansion 
coefficient also increase [91]. 
According to several experimental techniques and molecular dynamic (MD) 
simulations, the distribution of alkalis is not entirely random: the alkalis may form 
channels of alkali ions, as referred to in the modified random network (MRN) model 
[92].  
Tin oxide was used in this study because it is known to accelerate the 
kinetics of formation of the metallic gold particles [27]. The ground state of elemental 
tin is 5s25p2. If four electrons are removed, tin will have the stable oxidation state 
Sn(IV), which forms ionic compounds such as SnO2 [93]. The solubility of SnO2 in 
silicate glass is limited up to 0.8 mol% SnO2 in SiO2 (quartz) [94]. However, silicate 
glasses that contain alkali oxide can have a higher solubility of SnO2 [95]. 
 
3.2. Sample Preparation 
Samples of gold and tin-doped sodium trisilicate glass with nominal 
composition, Aux Sny - Na2O˙3SiO2, were prepared by the addition of chloroauric acid 
solution, HAuCl4˙3H2O, and tin oxide, SnO2, as sources of Au and Sn to the mixture 
of NaCO3 and SiO2 powder in appropriate ratio. The samples of sodium trisilicate 
glass doped with up to 0.2 mol% gold and up to 0.1 mol% SnO2 were fabricated by 
melting the samples in a platinum crucible. The crucible was placed inside a furnace 
and heated from room temperature to 800 °C at 5 °C/min, kept at 800 °C for 5 hours, 
then heated at 3.5 °C/min to 1500 °C, where it was held for 2 hours and then cast to 
form glass.  The melt was stirred twice at 30 min intervals after reaching 1500 °C. 
The cast samples were heat treated at 400-500 °C for 2-36 hours, depending on the 
designated experiment, and slowly cooled to room temperature. The annealed 
33 
 
samples are shown in Figure 3-3. To remove residual stresses from the quenching 
process, the as-prepared glass was annealed for 12 hours at 400 °C for in situ UV-
Vis studies and for 3 hours at 500 °C for electrical measurements. Color developed 
during 500°C annealing but not with 400 °C annealing. Annealing at 400 °C removed 
residual stresses without any change in the color of sample. This was important to 
prevent cracking during polishing and to the formation of AuNPs during heat 
treatment at higher temperatures. For electrical measurements, our interest was not 
in the optical state of the sample but only in the effect of gold concentration on 
electrical transport. The samples were polished by sandpapers with grit sizes of 240, 
320, 400, and 600 to reach uniform thickness. For optical measurements, the 
samples were polished with a slurry of 0.5 µm cerium oxide mixed with water. The 
contamination of gold from Pt crucible should be avoided, especially when preparing 
gold-free sample - see Appendix A. 
 
3.3. Density measurement 
The density of samples, ρsample, was measured by the buoyancy method. 
Certified ACS grade toluene that meets ASTM specification was used instead of 
water due to the reaction of glass with water as indicated by our preliminary FT-IR 
results. 
234+56 = 789:789:	7;<=>?@? × 26BC                          (3-1) 
where Wair is weight in air and Wtoluene is weight in toluene. Toluene density, ρtoluene, 
which depends on air pressure and temperature, was taken from NIST [96]. 
Bethlehem is ~ 360 feet above sea level and has an air pressure of 0.101 MPa. 
Therefore, the pressure is almost the same as the standard formula from NIST 
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which is good for normal atmospheric pressure (0.10 MPa). The density values are 
the average of at least three measurements. To monitor temperature during the 
measurements, a thermocouple was placed in toluene. 
 
3.4. Differential scanning calorimetry 
DSC is a technique for determining thermal properties based on the 
difference between the amounts of heat required to increase the temperature of a 
sample and a reference which is measured as a function of temperature. First, he 
samples were broken into small pieces. Next, a piece weighing between 15-25 mg 
was selected and placed on a flat surface resting on a platinum pan. The sample 
was heated up to 1000 °C with 10 °C/min heating rate under nitrogen gas using 
Netzsch DSC 404 F3 Pegasus high temperature DSC. The glass transition 
temperature, Tg, in silicates is proportional to the energy required to break and re-
form covalent bonds, but the relationship is more complicated because different 
types of bonds have different strengths. Therefore, Tg represents the overall strength 
of the glass network. 
 
3.5. TEM and STEM  
Transmission electron microscopy (TEM) and scanning transmission 
electron microscopy (STEM) were extensively used to study the morphology of 
nanoparticles. JEOL 2000FX at 200kV was used presently to study glass powder 
samples. The glass powder samples were obtained by crushing and grinding a small 
piece of glass in an agate mortar. The gold nanoparticles were confirmed by Energy 
35 
 
Dispersive X-ray spectroscopy (EDX). Primarily bright-field imaging was used to 
examine the size distribution. 
STEM analysis was performed using JEOL ARM200CF at 200kV. The 
current at 200 kV is ~220 pA and 10 pA with spot size 4C (40 µm CL aperture) and 
8C (30 µm CL aperture), respectively. The spot size 4C-5C was used for EDX 
because of higher probe current and 8C was used for high resolution imaging. This 
instrument is equipped with a Cs corrector for high image resolution combined with 
high probe currents for microanalysis. A high-angle annular dark-field (HAADF) and 
bight field (BF) imaging showed atomic resolution of AuNPs by the Z-contrast that 
directly related to the atomic number. It provides more details of atomic 
arrangements in small AuNPs compared to TEM. For HAADF imaging at 200kV this 
instrument has a resolution of less than 0.08nm [97, 98]. 
 
3.6. X-ray absorption spectroscopy XANES and EXAFS 
3.6.1. Basics of x-ray absorption spectroscopy 
X-ray absorption spectroscopy (XAS) has been widely used to determine the 
structure, chemical identity (via atomic number), structural disorder, and thermal 
motions of atoms in crystalline and non-crystalline solids, solutions, metalloprotiens, 
and molecular gases [99]. This technique is considered a short-range order probe by 
measuring X-ray absorption coefficient µ (E) as a function of X-ray energy E. X-ray 
absorption near edge structure (XANES) normally covers the absorption range from 
10 eV below to 50 eV above an absorption edge, while extended x-ray absorption 
fine structure (EXAFS) typically covers from 50 to 1000 eV above the absorption 
edge. In fact, XAS is based on the x-ray photoelectric effect, in which an atom in the 
sample absorbs an incident x-ray photon and then releases an electron from an 
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inner atomic orbital. The interferences between the outgoing photoelectron wave 
and photoelectron waves which scattered from the surrounding atoms cause an 
energy-dependent variation proportional to µ (E). 
3.6.2. Beamlines and instrumentation 
The XAS spectra of a series of as-quenched samples and heat-treated 
samples were measured at the National Synchrotron Light Source in the 
Brookhaven National Laboratory where the average synchrotron conditions were 
200 mA and 2.8 GeV. Our main interest was in the structure around Au and Sn. 
Therefore, we focused on the Au L3-edge (at ~11919 eV) and the Sn K-edge (at 
~29200 eV) with the set up at X18B beamline, which covered the energy range 4.7 
to 40 KeV using Si(111) crystal as monochromator, and X19A beamline, which 
covers the energy range 2.1 to 17 KeV. Au L3-edge was measured because of the 
limited energy range of the synchrotron to collect data for Au K-edge (at ~80725 eV). 
A 13-element Ge-detector and a 4-element Si-drift Vortex detector were used 
because of the low concentration of gold and tin in the samples which refer to IF 
position in Figure 3-5. Au foil and Sn foil were used as a calibration of the energy. 
The samples were placed at a 45° angle with respect to the incident beam between 
I0 and IT ion chambers. Nitrogen gas was used in I0 chamber which measured the 
intensity of the incident X-ray. Argon gas (when measured at the Au L3-edge), or the 
mixture of krypton and argon gases (when measured at the Sn K-edge), which has 
higher absorption, filled the transmission chamber IT and reference chamber IR. The 
absorption edge could shift due to the X-ray beam instability. Therefore, the 
transmission spectrum of the gold or tin foils was measured simultaneously between 
IT and IR chamber as the reference spectra during the collection of the sample 
spectrum.  
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The absorption edge inflection point in each Au-foil and Sn-foil was set to 
11919 eV and 29300 eV for Au L3-edge and Sn K-edge respectively, to energy-
calibrate the Au and Sn absorption edges in each spectrum when compare to the 
other samples. 
3.6.3. In situ XAS 
To explore the kinetics of AuNPs formation, the as-quenched samples were 
heated up to 550˚C while XANES spectra were collected in the fluorescence set-up. 
The temperature of the heating platform dwelled at certain temperatures, such as 
150 °C, 300 °C, 450 °C, and 550 °C, while measuring XANES spectra. The sample 
was shifted to a fresh area after each spectrum collection in order to reduce the x-
ray beam induced effects in the oxidation state. The beam size was cropped after 
the monochromator exit slit to 0.2 mm x 3 mm. When X-ray was used to irradiate the 
samples, the beam size was enlarged to 1.5mm x 5 mm, which was bigger than the 
spot size of UV-Vis optical measurements. The set up for in situ XAS and UV-Vis 
experiment is shown in Figure 3-6. 
 
3.7. Optical measurement 
3.7.1. UV-Vis 
The samples were sanded, and then finally polished, with a slurry of cerium 
oxide mixed with water to have parallel and flat surfaces and to reduce scattering 
effects during optical measurements. UV-visible spectra were obtained using Ocean 
Optics S200 miniature fiber optic spectrophotometer controlled by 001Base32 
software. The light source was a tungsten-halogen lamp. 
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The samples for the UV-Vis in situ experiment were annealed at 400 °C for 
12 hours in order to remove the residual stress to prevent cracking during the 
polishing process. During the  in situ experiment, the optic path was set up to pass 
through the hole of heating stage while the sample was heated from room 
temperature to 550 °C, kept at 550 °C for 3 to 10 hours, then cooled down to room 
temperature. A spectrum from λ ~350 nm to ~1000 nm was collected every 30 
seconds. The dual-beam set up was used to measure the fluctuation of the light 
source, although we found that the beam was stable during experiments. 
3.7.2. FT-IR 
Fourier Transform Infrared Spectroscopy (FT-IR) was used to probe the 
impact of small concentrations of gold and tin dopants on the structure of sodium 
silicate glass. The glass used for FT-IR measurement was heat treated at 500 °C for 
three hours. All FT-IR measurements were done with a Varian 7000e FT-IR using a 
specular reflectance stage with an incidence angle of 15° off normal and a high 
reflectivity mirror as reference. 15° was the lowest limit of the specular reflectance 
mounting and it provided the closest to normal incidence which could be obtained to 
minimize LO-TO splitting [100]. A proper combination of source, detectors, and 
beam-splitters was set to measure the spectra in the 400-6000 cm-1 range under dry 
air. Each spectrum was the average of 128 scans at resolution of 2 cm-1. Ethylene 
glycol was chosen as a lubricant to utilize during cutting to prevent any contact with 
water during sample preparation. In order to obtain data which can be compared 
reasonably, the samples were scanned immediately after the surfaces were polished 
in toluene to minimize environmental contamination. 
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3.8. Electrical measurement  
The glass samples were ground and polished to remove surface 
imperfections and to achieve the parallel faces needed for an accurate conductivity 
calculation. Gold electrodes were deposited on the samples in a three-probe 
configuration, a standard dielectric measurement method to eliminate short circuit 
via the surface and reduce non-uniform fields between the top and bottom 
electrodes, using a Polaron SEM Coating Unit E5100. A guard ring electrode is 
placed around the top central electrode and connected to ground potential, 
eliminating the current through surface paths from the measurement [101]. 
Platinum wires were connected to the samples with high purity silver paint. 
The complex AC conductivity of the sample, which includes conductance (G) and 
capacitance (C), was measured as a function of frequency from 10 to 100,000 Hz, 
using an Andeen Capacitance Bridge Model CGA-83 at different temperatures 
varying from room temperature to 250 °C  
3.8.1. Activation energy determination 
In this dissertation, we used annealed samples at 500 °C for 3 hours and 
cooled the samples slowly to room temperature to obtain the electrical 
measurements. The samples appeared stress-free and homogeneous when viewed 
under cross-polarizersand were measured after heating and equilibrating at certain 
temperatures: 50 °C, 75 °C, 100 °C, 125 °C, 150° C, 175 °C, 200 °C, and 250 °C. 
The temperature was stabilized within ± 0.2 °C during each frequency sweep using a 
Eurotherm Doric Trendicator 400A temperature controller. To have accurate 
temperature measurements, another type K thermocouple was placed near the 
sample. 
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The DC conductivity is determined from a complex impedance analysis of AC 
data using ZView software [102]. The real and imaginary parts of complex 
impedance Z* = Z’ – iZ” are defined in and Eq. (3-2) and Eq. (3-3) 
. =  DD)EF                                                            (3-2) 
" =  EFD)EF                                                            (3-3) 
 
A high frequency intercept with the real impedance axis is determined from a 
semicircle fitting. The DC conductivity is calculated from the inversion of this high 
frequency intercept.  
The temperature (T) dependence of DC conductivity (σ) follows the Arrhenius 
from (Eq. 3-4 below), as indicated by the straight line plots of ln(σDCT) vs. inverse 
temperature:  
  = GH 
	I/JKH   (3-4) 
where A is a pre-exponential factor, T is Temperature in Kelvin, E is the activation 
energy and kb is the Boltzmann constant [103, 104]. The slop value which is 
determined form the linear regression analysis of the straight line plots of ln(σDCT) 
vs. inverse temperature corresponds to E. 
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Figure 3-1. Random network model for glassy SiO2 in two-dimensions. Black 
circles are silicon atoms and open circles are oxygen atoms [105]. 
 
 
 
 
Figure 3-2. Modified random network model of an alkali silicate glass. 
Oxygen atoms are shown by the large open circles, silicon atoms by the small open 
circles, and modifying cations like alkalis, e.g., sodium by the solid circles [92]. 
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Figure 3-3. Photograph of some sodium trisilicate glass samples (a) after 
heat treatment with different doping concentrations with increasing tin concentration 
on the x-axis from 0, 0.01, 0.05, and 0.1 mol% SnO2, and increasing gold 
concentration on the y-axis from 0, 0.05, and 0.1 mol% Au (the bottom left sample is 
the base glass and the top right sample is 0.1 mol% Au and 0.1 mol% SnO2), (b) as-
quenched glass doped with 0.1 mol% Au and 0.02 mol% SnO2, and (c) after heat 
treatment of the same sample as in (b). 
 
 
 
.   
Figure 3-4. The quenching rate effect on the color of the samples. These 
samples of 0.1%Au, 0.05% SnO2 were poured on stainless steel plate at ~ 300 °C, 
25 °C and ~3 °C, from the left to the right, respectively. 
(b) 
(c) (a) 
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Figure 3-5. Schematic of the XAS experiment. I0 is an incident detector, IT is 
a transmission detector, IF is a fluorescent detector and IR is a reference detector. 
 
 
 
 
 
 
Figure 3-6. The experimental setup that combines XAS and UV-Vis 
spectroscopy with the heating stage. I0 is the incident detector chamber, IT is the 
transmission detector chamber and Ge-detector is the fluorescent detector. 
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Figure 3-7. The typical complex impedance plot and semi circle fitting of 0.1 
mol% Au using ZView software.  
 
 
  
Real Center: 2.25E08 
Imag. Center: -5.99E7 
Low Intercept: -1.37E06 
High Intercept: 4.51E8 
Depression Angle: -14.8 
Estimated R(ohms): 4.52E08 
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Chapter 4: Physical Characterization 
4.1. Density measurement 
The temperature of toluene was relatively stable at 24 – 24.1 °C during the 
measurement. From MSDS, the density is 0.866 g/cm3 which correlates well with 
NIST interpolation equation at 20 °C = 0.8668 g/cm3.  At 24 °C, the density from 
NIST interpolation equation is 0.8631 g/cm3. In this density test, the gold was 
already forming AuNPs after annealing, according to XANES results in next the next 
chapter. The density of annealed samples were in the range of 2.436-2.448 g/cm3 , 
as shown in Figure 4-1 and Figure 4-2. The experimental error from 3-5 
measurements was ~ 0.002. The sample with 0.05 mol% and 0.1 mol% gold showed 
an increase in the density when co-doped with 0.1 mol% SnO2. In the case of no 
gold, the sample with 0.05 mol% SnO2 had the highest density.  
According to Jen and Kalinowski [106], the density of glass in the ideal 
condition is calculated by the following equation: 
2 = LM
NO8P
) QRMNS9P
                                      (4-1) 
where X is mol% of Na2O in glass and C is the density in pure component (3.5 for 
Na2O and 2.20 for SiO2). Therefore, the density of sodium trisilicate glass is 2.425 
g/cm3 which is not far from the values from the measurements. The X mol% of the 
sample can be calculated by solving equation 4.1; X= 0.2608 (26.08 mol% Na2O) 
when ρ = 2.436 and X= 0.2728 (27.28 mol% Na2O) when ρ = 2.448. The difference 
could come from the history of heat treatment and also the change in the 
composition during the melting. Overall, no clear trend was observed as adding 
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small amount of additional tin and gold to the glasses would not change the density 
dramatically. 
Another observation was that the samples have a refractive index close to 
the refractive index of toluene (1.496 at 20 °C) as the samples were merely seen in 
the toluene at least in the colorless samples. The equation to calculate the refractive 
index is:  
 = 1 + 2 ∑ WXW                                             (4-2) 
where n is the refractive index, ρ is the glass density, W is the coefficient of the pure 
ith component, and XW is the mole percent of the ith component. In the case of sodium 
trisilicate, 4Y = 0.19 and ZWY = 0.21 [106]. Therefore, sodium trisilicate, based on 
the equation (4.2) ρ = 2.425, should be 1.497, which is in the same range as the 
refractive index of toluene. The refractive index of our sample was 1.517-1.518 using 
X from solving equation 4-1 and ρ from measured data. This simple calculation 
confirmed that the refractive indexes of these glasses are close to the refractive 
index of toluene. 
Since we have density values, the molar volume can be calculated from 
density and molecular weight as the following expression: 
Vm = M/ρ                                                       (4-3) 
  where, Vm is molar volume, M is the molecular weight of the sample, and ρ 
is density of the sample. Figure 4-3  shows the composition dependence of molar 
volume as calculated from density data. When gold concentration was fixed, there 
was no clear trend with respect to tin concentration. However, the sample with 0.1 
mol% gold did have higher molar volume than samples with no gold (red vs. black 
symbols in Figure 4-3).  
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4.2. DSC 
From DSC measurements, only one endothermic step in all samples was 
apparent in DSC curves, indicating that only one glass transition temperature (Tg) 
without any crystal or melting temperature as expected from this glass composition, 
as shown in Figure 4-4. The samples are rigid below the glass transition temperature 
range and turn to a supercooled liquid above it. The glass transition does not occur 
at a single point of the temperature [91]. Rather, it appears as a range of 
temperature but for a convenient Tg which is represented by a single temperature 
and is normally determined from the onset, end, midpoint, and inflection point of 
DSC curves. In this data, the midpoint and inflection were reported. The midpoint 
temperature was calculated from the intersection of measured curve with the 
midway line between the left baseline tangent and right baseline tangent. The 
inflection point was determined from the peak in derivative of the measured curve 
where y-axis is the endothermic. The result from DSC showed that the Tg 
determined from midpoint was between 479-483 °C and between 490-497 °C using 
the inflection point. The Tg from the midpoint has some variations when picked from 
the different determined range. Therefore, the error bars were plotted in Figure 4-5 
which were the standard deviation from fourdifferent determination ranges. The Tg 
from Inflection point was not affected by the selected ranges. 
From Figure 4-5, the samples with 0.1 mol% SnO2 had a higher Tg compared 
to undoped and 0.05 mol% Au. There was no clear trend with higher gold 
concentration however higher tin concentration led to a higher Tg. This result agreed 
with the findings of Krohn et al. [26] whichshowed a higher Tg in soda-lime silicate 
glass with increasing tin concentration. This was due to the increase in the 
connectivity of the glass network which resulted from the elimination of non-bridging 
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oxygen leading to increase in the glass network connectivity. Moreover, tin ions have 
higher field strength than Na+. The smaller ionic radius of tin, which may allow for a 
higher degree of bond bending and rotation compared to sodium, could lower 
thermal expansion and higher elastic modulus as seen in soda-lime silicate glass 
[26].  
However, from Figure 4-6 (b), higher tin caused a lower Tg in both undoped 
and 0.05 mol% Au. Moreover, the Tg determined from both midpoint and inflection 
confirm that the highest Tg was found in the sample doped with 0.05 mol%, Au co-
doped with 0.1 mol%, SnO2 and the lowest Tg was found in the sample doped with 
0.05 mol% Au. Overall, there was no clear trend observed in the Tg with respected 
to the dopant concentration. 
 
4.3. Conclusions 
There was no clear trend observed in the density and Tg as a result of small 
amounts of additional tin and gold to the glasses did not the density dramatically. 
However, there was a hint in the Tg analysis determined from the midpoint that 
higher tin concentration could increase the Tg but this was not be confirmed by the 
results determined from the inflection point. Based on the density data, the reflective 
index was in the range of 1.517-1.518.  
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Figure 4-1. Density of sodium trisilicate glasses after annealing with varying 
Au and SnO2 concentration with respect to SnO2 concentration on the x-axis. 
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Figure 4-2. Density of sodium trisilicate glasses after annealing with varying 
Au and SnO2 concentration with respect to gold concentration on the x-axis. 
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Figure 4-3. Molar volume of sodium trisilicate glasses with varying Au and 
SnO2 concentration. 
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 Figure 4-4. Typical DSC curves from the experiment showing undoped and 
0.1 mol% Au co-doped with 0.1mol% SnO2. Only one endothermic step was 
observed for all samples. 
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Figure 4-5. Tg determined from midpoint of sodium trisilicate glasses after 
annealing with varying Au and SnO2 concentration with respect to (a) gold 
concentration on the x-axis and (b) SnO2 concentration on the x-axis. 
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Figure 4-6. Tg determined from the inflection point of sodium trisilicate 
glasses after annealing with varying Au and SnO2 concentration with respect to (a) 
gold concentration on the x-axis and (b) SnO2 concentration on the x-axis. 
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Chapter 5: Structure of Gold in Silicate glass 
5.1. Introduction 
Gold has been known to form nanoparticles in glass because of its low 
solubility [10]. The size of AuNPs can range from a few nanometers up to 100 nm 
depending on the heat treatment and composition [10, 82]. Weyl [10] suggested that 
gold dissolving as gold atoms dissolves as individual atoms in the molten glass and 
remains in this state upon quenching. However, Wagner et al. [18] suggested that 
gold dissolved in silicate glass as Au+1 forming linear bonds to two neighboring 
oxygen atoms, and the oxidation state of gold i.e. Au+1 in the starting material does 
not change in the as-quenched glass. They also found that Au0 which was obtained 
after heat treatment could be reversed back to Au+1 by remelting the glass. Tress 
[19] suggested that there would be a combination of Au+ and Au0 based on the 
chemical potential of oxygen. Eichelbaum et al. [85] found Au+3 was in the soda–
lime–silicate glasses. Therefore, the oxidation state of gold in silicate glass appears 
controversial in the literature, varying between Au+3, Au+1, Au0, and possibly a 
mixture of these three [27, 85].  
Most of the commercial ruby glasses use a small amount of tin (200-1000 
ppm) to help the formation of gold nanoparticles [107]. It is believed that tin reduces 
ionic gold to a neutral state by providing electrons in the reaction Au+ + e-→ Au0 [27], 
followed by stabilizing small gold after the formation of metallic nanoparticles, Au0 + 
Au0 → AuNP [10]. Haslbeck et al. [27] suggest that tin could form an alloy with gold 
nanoparticles. Tin is considered in a network as modifier or network former 
depending on the type of tin oxide [21, 22]. Both Sn2+ and Sn4+ species were found 
in silicate glass [18, 108]. 
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In this chapter, the morphology of AuNPs was explored by TEM and STEM. 
The oxidation state of gold and tin during the striking process was investigated by 
XANES to determine what happens to the valence electrons associated with these 
two elements. Additionally, the atomic structure surrounding gold and tin also was 
probed by EXAFS and the structural models associated with similar crystal 
structures were compared to the EXAFS data. 
 
5.2. Micro/Nano structure 
5.2.1. TEM results 
The TEM showed AuNPs embedded in glass matrix with the particle size 
from 1-50 nm. The AuNPs diameter of 4B sample was found to be up to 50 nm, up 
to 45 nm in 3B sample, and up to 30 nm in 7B sample. The presence of AuNPs in 
glass matrix was confirmed by energy dispersive X-ray microanalysis (EDX), as 
inset in Figure 5-1 (b). The size distribution of AuNPs was reduced when SnO2 was 
added as shown in the histogram in Figure 5-1. Some AuNPs were large and many 
of them were non-spherical. The space between the particles varied from area to 
area; they were as close as a few nanometers or as far apart as a few hundred 
nanometers.  The aggregation of particles was observed at several places in all 
samples. 
5.2.2. STEM results 
STEM is capable of providing high resolution images and also can form 
images by atomic contrast, a helpful feature to explore the AuNPs in the glass 
matrix. When examining particles, a bright field (BF) image, without confirmation 
from EDX, may show NaCl particles that may be  confused with AuNPs of the  same 
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size as seen by Barber et al. [14]. Note that Cl is provided by HAuCl4, which has 
been the raw material for gold and sodium atoms are part of the starting glass.  
Therefore, high-angle annular dark-field imaging (HAADF) in STEM is a better way 
to characterize AuNPs because of a large difference in the atomic number of AuNPs 
(Z=79) and matrix elements (≤ Z= 14) for the glass matrix. As for sample 
preparation, the sample that was ground to a powder in ethanol with a mortar and 
pestle showed higher contamination which presumably resulted from carbon build up 
during long exposure to high flux of electrons. This issue was prevented by grinding 
the sample without ethanol. 
The HAADF and BF images confirmed that the AuNPs were in the glass 
matrix. The non-spherical and polycrystalline AuNPs were observed as shown in 
Figure 5-2 and Figure 5-3. The average size of AuNPs was 5.1 ± 4.0 nm for samples 
doped with 0.1 mol% Au and 0.1 mol% SnO2, and 18.7 ± 15.4 nm for 0.1 mol% Au 
sample. The d-spacing were 2.06-2.09 Å and 2.34-2.38 Å measured from images, 
as shown Figure 5-3. These values agreed the d-spacing of gold bulk single crystal 
which is 2.039 Å and 2.355 Å as corresponding  (200) and (111) planes, respectively 
[109]. Some AuNPs appeared to have a core-shell structure as shown in Figure 5-4. 
Furthermore, some of AuNPs showed multiple atomic columns of different 
orientations, indicating coalescence or simultaneous growth of two or more particles, 
such as shown in Figure 5-5. This ‘polycrystallinity’ in AuNP could be from the 
coalescence of two particles before or during quenching. Another possible 
explanation is that multiple nuclei started to minimize the strain energy of the metal-
glass interface. However, the projection of 2D image of two particles that were close 
to each other could be considered as the coalescence of a small and a big particle in 
Figure 5-5 (b).  
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5.2.3. EDX results 
From the images, some AuNPs showed a structure similar to a core-shell 
structure but could not be confirmed by EDX whether measure in point, line, area, or 
mapping; the example results of line and area EDX were shown in Figure 5-6 and 
Figure 5-7. Small amounts of Sn and Cl were detected and even though stronger 
signals of tin, sodium, and chlorine were detected in the AuNPs, the EDX signals 
increased at the same level as Ba at 4.47 keV which was used as the reference 
background. There were Cr, Co, Cu and Fe signals from EDX in STEM system but 
not in TEM. Thus, these signals likely came from the sample holder, not the 
samples. After long EDX measurement, AuNPs were not stable under electron beam 
at higher flux (40 µm CL aperture with spot size 4C or 5C, ~210 pA and 100 pA, 
respectively, at 200 kV). Moreover, there was no indication of NaCl particles in our 
samples which confirmed that the samples were homogenous and had no phase 
separation. The line scan ofAuNP in Figure 5-3 (c), as shown in Figure 5-6, showed 
a stronger signal on the right hand of particles which corresponded to the 
discontinuity of atomic column in Figure 5-3 (c). This result might suggest a smaller 
size on the left and bigger size on the right as a resulting from the coalescence of 
two particles. 
Figure 5-8 shows the mapping of the area of glass matrix with a AuNP. From 
the EDX spectrum collected during the mapping, Au, Sn, and Cl were found in our 
sample. Au atoms were concentrated in the AuNP as expected and evenly 
distributed in the matrix. Furthermore, the mapping did not show any evidence of a 
concentrated area of Sn, Na, and Cl that was above the background level. However, 
tin might form a monolayer around gold and that would below the detection limit of 
EDX. Therefore, there was not sufficient evidence to confirm the exits of the 
monolayer tin around gold. 
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5.3. Chemical structure 
XANES is one of the few suitable techniques to determine the chemical state 
of gold and tin in a low concentration, especially to observe in an in situ experiment. 
Our main interest is in the kinetics of the change of the oxidation state of gold and tin 
which can be determined from experiments conducted around gold L3-edge and tin 
K-edge. Ultimately, we would like to identify the oxidation state information at various 
temperatures and over time. In the first experiment, the samples were compared 
with the reference of gold foil, AuCl, HAuCl4, and Au2O3. Initially, the samples were 
annealed for varying times giving a baseline to monitor transition from Au+ or Au3+ to 
Au0. Then XANES was extended to the in situ experiment during the ‘striking’ 
process. This XANES in situ experiment was closely related to the in situ experiment 
by the optical spectroscopy. The results for optical spectroscopy will be shown in the 
next chapter. 
The possible effect of synchrotron x-rays on the sample, if any, was 
examined first. Each scan took about 13-15 minutes. The time from starting point 
(200 eV below the absorption edge) to the absorption edge took approximately 3-4 
minutes. Figure 5-9 shows the Au L3 edge for the first four scans of a sample with 
0.1 mol% Au and 0.02 mol% SnO2. It was clear that the XANES spectrum showed a 
decrease mainly in the first absorption peak, or white line peak, around 11922 eV, 
where the intensity reflected the number of holes in d-band (in the case of Au L3 
edge) due to the transition 2p3/2→5d5/2 and 2p3/2→5d3/2 [110]. After the 
measurements, a dark spot on the sample was observed by sight due to the creation 
of defect centers induced by high-flux X-rays. Therefore, from this first experiment, 
we concluded that X-ray affected the XANES spectrum. However, this effect was 
minimized by moving the sample to a fresh spot after completing each scan. Thus, 
increasing the measured area resulted in better data that represented the bulk 
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sample. By using this method, reproducible XANES spectrum was observed. 
Therefore, we might obtain a small amount of X-ray induced gold oxidation, but it 
should be minimal when compared to the samples which measured in the same 
manner. 
The Au L3 edge data of as-quenched samples, two Au3+ references (Au2O3), 
a Au+ reference (AuCl), and Au0 (gold foil) are shown in Figure 5-10. The white line 
feature (labeled A) in the Au foil was absent because 5d states were almost 
completely occupied. From the reference spectra, we found that the white line 
feature shifted to lower photon energy when the oxidation state rose from +1 to +3. 
The B-D peaks corresponded to resonance features characteristic of the extended 
local structure around the absorbing atom. The peak at 11932 eV (labeled B) is a 
weak feature. The peaks at 11946 and 11970 eV (labeled C and D), appearing at 
the higher energy part of XANES spectrum, are much more structurally sensitivity 
[84]. A smaller white line peak at 11922 eV and the two signature peaks of Au0 at 
11946 and 11970 eV (labeled C and D, respectively) were used to observe the 
conversion from ionic to metallic gold [111]. Only the 4B and 9B samples showed C 
and D peaks which were broader and slightly shifted toward higher energies 
compare to bulk gold.  The broadening is attributed to the cluster-size distribution. In 
fact, it is required 5-6 shells of atoms for the cluster to reproduce a XANES spectrum 
similar to the bulk gold [84, 111]. The shift to higher energies is a consequence of 
both a smaller interatomic distance and an increased oxidation state of the metal 
[84, 112]. 
Figure 5-11 shows the Au L3 edge data of six as-quenched samples. The 
presence of a small white line in all samples certainly means that Au in these 
glasses was slightly oxidized when compared to the bulk gold.  Samples containing 
SnO2 had a higher white line intensity which resulted from a higher ratio of Au+ to 
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Au0. The intensity of the white line in the as-quenched sample decreased after heat 
treatment which indicated that the oxidation state of gold changed from Au+ to Au0. 
The samples that were annealing at 500 °C for 3 hours had Au0 as the 
predominant species (as seen in Figure 5-12). A closer look to the Au L3-edge 
energies is shown in Figure 5-13. The edge energies of all 6 glasses that contained 
0.05-0.1 mol% Au and 0-0.1 mol% of SnO2 were within ±0.2 eV of Au foil. When the 
samples were grouped into the same concentration of gold (0.05 mol% Au in Figure 
5-14 and 0.1 mol% Au in Figure 5-15), the samples with no tin (4B and 9B) showed 
that white line peak slightly shifted to lower photon energy. Thus, this implied that a 
slightly higher oxidation state was found in samples with no tin after annealing for 3 
hours. However, the sample with tin already showed deep ruby color but sample 
without tin was light brown when observed by sight at this annealing time. After 
another 20 hours annealing at 500 °C, there was no change between after 3 hours 
and 23 hours for the sample with SnO2, but there were slight changes of the 
whiteline peak, as shown in Figure 5-16. Therefore, the gold reduction process in 
sample without SnO2 was not complete after 3 hours and took more time than the 
samples with SnO2. 
XANES data of the Sn edge showed that Sn4+ was the predominant species 
in all samples (both in as-quenched samples and those after heat treatment). As 
seen in Figure 5-17, the Sn K-edge energies for 6 glasses that contained 0.05-0.1 
mol% SnO2 and varying amount of gold were within ±0.5 eV of SnO2. This piece of 
data is in contrast to the Mössbauer spectroscopy results from Wagner where they 
reported that tin is in both Sn2+ and Sn4+ forms [18]. It is possible that Sn2+ was still 
present but at too low concentration and could not be distinguished by XANES. 
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5.3.1. The kinetics of change of gold oxidation state during the striking 
process 
As described in the XANES observations in the previous section, there was a 
change in gold oxidation stage from as-quenched sample when comparing annealed 
samples but there was no change in the state of tin. In this section, we follow this 
kinetic change by an in situ XANES experiment during heating for both gold and tin 
absorption edges.  
The XANES results revealed that there was no change in gold oxidation state 
of the sample doped with 0.1 mole% Au and 0.02 mole% SnO2 during heating below 
550 °C during the ramp to 550 °C as shown in Figure 5-18. The temperature of 450 °C 
was lower than the Tg (~ 480 °C from DSC results), which was the last temperature 
step before reaching the maximum temperature at 550 °C. The unchanged gold 
oxidation state indicates that the electrons needed for the reduction of ionic gold 
could not freely move in the glass matrix, as it was rigid below the Tg. Moreover, the 
gold atoms did not have high enough diffusivity to form bigger nanoparticles below 
the Tg as observed from UV-Vis spectroscopy in the next chapter. 
 Figure 5-19 shows the XANES spectra after temperature reached 550 °C and 
remained there for several hours. It took about 40-60 minutes to observe any 
change in XANES spectrum: a smaller white line peak at 11922 eV and the 
appearance of two signature peaks of Au0 in XANES at 11946 and 11970 eV. The 
two signature peaks of Au0 in XANES increased while the samples were held at 550 
°C, corresponding to the growth of AuNPs from the UV-Vis results. The intensity of 
the resonance from neighboring gold atoms resulted in an intensity increase of the 
characteristic peaks at 11946 and 11970 eV, and a significant decrease of width 
after the first few hours as compared to after 14 hours. After the sample was cooled 
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to room temperature, there was no change in XANES spectrum that indicted that the 
oxidation state of gold and extended local structure around the gold atoms remained 
the same. 
As for tin oxidation state during the in situ experiment, an example of the 
normalized absorption data of 0.1 mol% Au and 0.05 mol% SnO2 is shown in Figure 
5-20. There was no observed change in the edge position which was the same as 
for the samples with differing anneal times and temperatures as shown in previous 
section. Indeed, the change in the color could be observed by sight when the 
temperatures reached 550 °C for several minutes. Therefore, the XANES data 
clearly confirmed that there was no change in the valence state of tin even though 
the valence state of gold was changed and the growth of AuNPs occurred. This 
result contradicts data from Haslbeck et al. [27] and his proposal that tin might be 
incorporated into the metallic particles and involved in redox mechanism. 
In summary, the XANES measurements confirmed the hypothesis of the 
reduction of Au1+ to Au0 during heat treatment above the Tg. The addition of SnO2 
accommodated gold atoms in Au1+ in the glass matrix, presumably by enhancing its 
solubility. The reduction process to Au0 was faster in the presence of SnO2, but tin 
did not participate in the reduction process directly as its oxidation state, Sn4+, 
remained unchanged during the formation of AuNP. 
 
5.4. Atomic structure 
EXAFS (k)k data appeared rather noisy for k>8 Å-1 because of low 
concentration of gold (Figure 5-21). Therefore, the range of Fourier transform (FT) 
was limited to 2-10 Å-1. The data for the sample without SnO2 in both gold 
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concentrations (0.05 mol% and 0.1 mol%) was clearly different at k~ 2.5-3 Å-1 and 5-
5.5 Å-1 from other samples containing tin oxide. 
Figure 5-22 shows the EXAFS data for six as-quenched samples, Au2O3, and 
gold foil. The gold in the as-quenched samples had both Au-O (R = 1.6 Å) and Au-
Au (R = 2.4 Å and 3 Å) bound, which indicates that the formation of gold clusters or 
nanoparticles occurred during the quenching process. The uncorrected distance for 
the phase shift of R = 1.6 Å corresponded to the crystallographic distance of three 
Au-O distances between 1.929-2.071 Å. The uncorrected Au-Au distances at R = 
2.4 4 Å and 3 Å correspond to one Au-Au at 2.885 Å in the real gold crystal. The 
samples with no SnO2 had higher Au-Au peaks compared to Au-O peak, which 
means a higher amount of gold clusters formed in these samples. This result agreed 
with the XANES data where less white line intensity was found for the sample 
without SnO2 which resulted from higher ratio of Au0 to Au+. 
After annealing at 500 °C for 3 hours, the Au-O peak decreased while Au-Au 
peak increased as shown in Figure 5-23. These observations indicated the change 
of gold neighbors from Au-O to Au-Au, resulting in the formation of gold 
clusters/nanoparticles. These results agreed with the UV-Vis data that will be shown 
in the next chapter.  
To prove that the gold oxidation state was stable and the process of gold 
formation was completed during the first 3 hours of heat treatment, the samples, 
which were heated for 3 hours, were heat treated again at 500 °C for another 20 
hours. There was no significant change in the XANES (Figure 5-16) and EXAFS 
(Figure 5-23) data of sample with SnO2. Therefore, the results proved that the 
reduction of gold was mostly finished in the first 3 hours of heat treatment at 500 °C.  
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In order to determine the first shell structure around gold atoms, the 
parameters that involved the oscillation (W , Ni, W) and the phase of the oscillations 
(ΔE0i and ΔRi) must be determined for each scattering path. W  is the amplitude 
reduction factor for the atoms of type i around the absorbing atom (i.e. gold) and 
have a typical range of 0.7 to 1.0; N is the coordination number, and the coordination 
number for fcc bulk gold is 12; W is a disorder parameter, representing the mean 
square relative displacement for the distance between the atoms of type i and the 
absorbing atom, and typical 0.003 < W < 0.02 [113]; ΔE0i and ΔRi are the energy 
and distance correction parameters, respectively, for the misalignment of the 
experimental data with respect to the theoretical calculation and typical ΔE0i  < 10 eV 
and ΔRi < 0.1 Å [113]. 
The first shell fittings of Au-Au bonds for annealed samples are shown in 
Figure 5-24. The fcc structure of gold crystal was based on Wyckoff [109]. This bulk 
gold was used as a model for the theoretical phase shift EXAFS calculations. The 
fitted curves in red lines match well with the experimental data (black circles) of the 
first coordination shells. Table 5-1 lists the fitted parameter of first shell for samples 
with and without SnO2. The fitted radial distance (R) of Au-Au is 2.865-2.873 Å and 
the number of atoms (N) in the first shell is 11.6-12.5. The coordination number is 
reasonably close to 12, which is an ideal number for bulk gold. The Au-Au distance 
is shorter in the sample with tin but still within the uncertainty from the fitting. The 
mean square displacement about the equilibrium path length square (σ2), which 
contains Debye-Waller factor (σ) is in the range of 0.0068-0.0084. 
EXAFS data for tin shows a stronger signal than that for gold because it was 
measured at the k edge, as shown in Figure 5-25. There was no major change in the 
bonding position of Sn-O from the Fourier transform of the data in terms of the 
distance in Å (Figure 5-26). The maximum contribution to the FT of the data was at 
63 
 
approximately 1.5 Å which corresponded to a crystallographic position of Sn-O 
distance at ~ 2.0 Å. 
Different crystal structures that contain Sn-O can be used as a model for first 
shell fitting but only Sn-O bond information for the first shell was selected for the 
fitting. The first shell fitting revealed that the Sn4+ ions were in octahedral sites. In 
this case, SnO2, eakerite (Ca2SnAl2Si6O18(OH)2 · 2H2O), sodium stannosilicate 
(Na2SnSi3O9 · 2H2O) were used to fit the first shell of Sn-O bonds. The crystal 
structures of three references are shown in Figure 5-28. The fitting results (Table 5-2 
and Figure 5-27) show that the sample fit better with eakerite and sodium 
stannosilicate that has non-cubic rutile structure of SnO2 [114]. This result confirmed 
that the Sn4+ ions were in the distorted octahedral site as observed in Mӧssbauer 
spectroscopy by Benne et al. [22]. Since Sn4+ is coordinated with six oxygen atoms, 
then the SnO	octrahedra have two negative charges assuming corner sharing 
which need two cations for charge compensation. For this, Na+ and Au+ ions could 
be possible candidates. Indeed, Benne and Rüssel [115] reported that an increase 
of Na2O-concentration resulted in a decrease in the isomer shift in Mössbauer 
spectroscopy, which involves an increasing covalency of the Sn4+–O bonds. Hence, 
it is likely that at least Na+ ions will increase the stabilization of the SnO	 octahedra.  
In short, atomic structure from EXAFS suggested that gold atoms formed Au-
Au bond and Au-O bonds depending on the presence of SnO2 in the as-quenched 
samples. Higher volume fraction of Au-Au bonds were found in tin-free samples. 
After the heat treatment, conversion from Au-O to Au-Au bonds was observed.  
Moreover, Sn atoms formed Sn-O bonds with six oxygen atoms in distorted 
octrahedra. 
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5.5. Conclusions 
From TEM and STEM, spherical and non-spherical AuNPs were found in the 
glass matrix with sizes varying from a few nanometers up to 50 nm. The heat 
treatment increased the size of gold nanoparticles. The addition of SnO2 to base 
glass caused both a smaller size and narrower size distribution of AuNPs. The d-
spacing agreed with bulk gold crystal. Some particles looked like core-shell 
structure, but EDX showed that no direct evidence of higher Sn, Na, and Cl 
concentration in or surrounding the AuNPs.  However, tin might form a monolayer 
around the gold and that would be below the detection limit of EDX. 
According to XANES observations, gold changes states from ionic to metallic 
gold upon annealing at a temperature of 500˚C. Tin remained as  Sn4+ ions 
throughout, even after heat treatment, but the gold changed from Au1+ to Au0. If the 
redox equilibrium between Sn(II) and Sn(IV) is fast enough, then tin can be 
effectively considered as a catalyst, but this was not the case from XANES data. 
Instead, highly dispersed tin seems to provide condensation nuclei for the 
nanoparticles. The simultaneous presence of many condensation nuclei and the low 
total amount of gold in the glass will then prevent the formation of gold particles of 
bigger sizes. From the EXAFS, all samples already formed clusters of gold but the 
sample without SnO2 had a higher volume fraction of gold clusters as compared to 
the samples with SnO2 that have the higher solubility. All the samples showed that 
Sn4+ ions were in the distorted octahedral site surrounded by mainly oxygen. 
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Table 5-1. Au-Au nearest-neighbor fitting results of annealed samples using 
gold crystal a model. Fourier transform range of k = 2-11 Å-1 and R = 1.9-3.4 Å. 
Average values are listed with averaged uncertainties (in parentheses) calculated by 
FEFFIT. 
Samples reduced χ2 σ2 (Å2) N (atoms) E0 (eV) R (Å) 
0.05 Au 12 
0.0084 
(0.0015) 
12.5 (1.9) 5.26 (0.81) 2.873 (0.010) 
0.1 Au 14 
0.0079 
(0.0011) 
11.6 (1.3) 6.42 (0.60) 2.870 (0.007) 
0.1 Au + 0.1 
SnO2 
29 
0.0068 
(0.0011) 
12.5 (1.6) 5.74 (0.69) 2.865 (0.007) 
 
 
Table 5-2. Sn-O nearest-neighbor fitting results of 0.1 mol% Au and 0.1 mol% 
SnO2 using SnO2, eakerite and Sodium stannosilicate as a crystal model. All fits 
used = 1.00, Fourier transform range of k = 2-10.5 Å-1 and R = 1-1.95 Å. Average 
values are listed with averaged uncertainties (in parentheses) calculated by FEFFIT. 
Fitting crystal 
reduced 
χ2 
σ2 (Å2) 
N 
(atoms) 
E0 (eV) R (Å) 
SnO2 197 
0.0023 
(0.0012) 
6.0 (0.4) 
7.00 
(0.71) 
2.038 (0.008) 
Eakerite 175 
0.0023 
(0.0011) 
6.0 (0.4) 
7.24 
(0.67) 
Oeq = 2.016 (0.007) 
Oax = 2.062 (0.007) 
Sodium 
stannosilicate 
167 
0.0022 
(0.0011) 
6.3 (0.4) 
7.45 
(0.65) 
Oeq = 2.018 (0.007) 
Oax = 2.060 (0.007) 
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Figure 5-1. TEM images of (a) 0.1 mol% Au and (b) 0.1 mol% Au and 0.1 
mol% SnO2 doped in sodium silicate glasses after heat treatment at 500˚C for 3 
hours, showing Au nanoparticles (histogram for size distribution and EDX spectrum 
is shown in the inset for a confirmation). 
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Figure 5-2. STEM images of AuNPs of 0.1 mol% Au and 0.1 mol% SnO2 
samples at magnification (a) 200,000 x and (b) 400,000 x. Bright field (BF) images 
on the left and high-angle annular dark-field imaging (HAADF) on the right. 
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Figure 5-3. High magnification STEM images of AuNPs of 0.1 mol% Au and 
0.1 mol% SnO2 sample. Bright field (BF) images on the left and high-angle annular 
dark-field imaging (HAADF) on the right. 
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 Figure 5-4. High magnification STEM images of AuNPs appeared to be a 
core-shell structure of 0.1 mol% Au and 0.1 mol% SnO2 sample. Bright field (BF) 
images on the left and high-angle annular dark-field imaging (HAADF) on the right. 
 
 
Figure 5-5. High magnification STEM images of AuNPs of 0.1 mol% Au and 
0.1 mol% SnO2 sample (a) different orientation of atomic column in one particles, 
and (b) the coalescence of a smaller AuNP to a bigger AuNP. 
(a) (b) 
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Figure 5-6. EDX line profile of AuNP in Figure 5-3 (c). Signal of gold was 
valid but Sn, Na, and Cl signal was comparable to the Ba background. 
 
 
 
Figure 5-7. EDX spectrum of the AuNP area compared to glass area in 
sample doped with 0.1 mol% Au and 0.1 mol% SnO2. Blue lines are the position of 
tin. There was no difference of tin concentration. 
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Figure 5-8. The EDX mapping of AuNP in sample doped with 0.1 mol% Au 
and 0.1 mol% SnO2. Sn, Na, and Cl did not concentrate in the AuNP because the 
signals were comparable to Ba which was used as a background reference. 
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Figure 5-9. First 4 scans of XANES spectra of 0.1 mol% Au and 0.02 mol% 
SnO2 at Au L3 edge. 
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Figure 5-10. Normalized absorption Au XANES spectra of the standards; Au-
foil, AuCl, HAuCl4 and Au2O3, compare to 6 as-quenched samples; 7B (0.1 mol% Au 
and 0.1 mol% SnO2), 3B (0.1 mol% Au and 0.05 mol% SnO2), 4B (0.1 mol% Au), 
11B (0.05 mol% Au and 0.05 mol% SnO2), 11B (0.1 mol% Au and 0.1 mol% SnO2), 
and 9B (0.05 mol% Au). 
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Figure 5-11. Normalized absorption Au XANES spectra of the standards; Au-
foil, AuCl, HAuCl4 and Au2O3, compare to 6 as-quenched samples. No tin was in 4B 
and 9B samples. 
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Figure 5-12. Normalized absorption Au XANES spectra compare to annealed 
samples at 500 °C for 3 hours; 7B (0.1 mol% Au and 0.1 mol% SnO2), 3B (0.1 mol% 
Au and 0.05 mol% SnO2), 4B (0.1 mol% Au), 11B (0.05 mol% Au and 0.05 mol% 
SnO2), 11B (0.1 mol% Au and 0.1 mol% SnO2), and 9B (0.05 mol% Au), with the 
references of Au foil, AuCl, and Au2O3. 
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Figure 5-13. Normalized absorption Au XANES spectra of the standards; Au-
foil, AuCl, and Au2O3, compare to 6 annealed samples; 7B (0.1 mol% Au and 0.1 
mol% SnO2), 3B (0.1 mol% Au and 0.05 mol% SnO2), 4B (0.1 mol% Au), 11B (0.05 
mol% Au and 0.05 mol% SnO2), 11B (0.1 mol% Au and 0.1 mol% SnO2), and 9B 
(0.05 mol% Au). 
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Figure 5-14. Normalized absorption Au XANES spectra of the standards; Au-
foil, AuCl, and Au2O3, compared to 3 annealed samples with a constant 0.05 mol% 
Au for these samples; 11B (0.05 mol% SnO2), 11B (0.1 mol% SnO2), and 9B (0.0 
mol% SnO2). 
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Figure 5-15. Normalized absorption Au XANES spectra of the standards; Au-
foil, AuCl, and Au2O3, compared to 3 annealed samples with a constant 0.05 mol% 
Au for these samples and very amount of SnO2; 7B (0.1 mol% SnO2), 3B (0.05 
mol% SnO2), 4B (0.0 mol% SnO2). 
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          (a)          (b) 
Figure 5-16. Normalized absorption Au XANES spectra for as-quenched 
comparing to annealing at 3 hours and 23 hours at 500 °C of (a) 0.1 mol% Au (b) 0.1 
mol% Au and 0.05 mol% SnO2. 
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Figure 5-17. Normalized absorption Sn XANES spectra of the standards; Sn-
foil, SnO, and SnO2, compare to 6 annealed samples which contain 0.05-0.10 mol% 
SnO2 and 0-0.1 mol% Au. 
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Figure 5-18. XANES spectra of Au L3 edge, of 0.128 mol% Au, 0.02 mol% 
SnO2 sample during ramp up to 550˚C. 
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Figure 5-19. XANES spectra of Au L3 edge, of 0.128 mol% Au, 0.02 mol% 
SnO2 sample during held at 550 °C for 15 hours. 
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Figure 5-20. Normalized absorption data of 0.1 mol% Au and 0.05 mol% 
SnO2 during first 2 hours after the temperature reached 550 °C. 
 
2 4 6 8 10 12 14
-0.25
0.00
0.25
0.50
0.75
1.00
1.25
1.50
No SnO
2
 + 0.05 Au
0.05 SnO
2
 + 0.05 Au
0.1 SnO
2
 + 0.05 Au
k 
|χ(
k)
| (
Å
-1
)
k (Å-1)
No SnO
2
 + 0.1Au
0.05 SnO
2
 + 0.1 Au
0.1 SnO
2
 + 0.1 Au
Au L
3
 edge
 
Figure 5-21. EXAFS (k)k data for Au L3 edge of as-quenched sample. 
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Figure 5-22. FT-EXAFS data for Au L3 edge of as-quenched samples and 
references. The Fourier transforms were performed on the k1 -weighted EXAFS with 
the k range of 3-10 Å-1 using hanining window function (dk=1). 
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Figure 5-23. FT-EXAFS data for Au L3 edge of 0.1 mol% Au + 0.1 mol% 
SnO2 in as-quenched, annealing at 500 °C for 3 hours, annealing another 20 hours 
and references. The Fourier transforms were performed on the k1 -weighted EXAFS 
with the k range of 2-10 Å-1. 
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Figure 5-24. First shell fitting of (a) 7B (0.1 mol% Au and 0.1 mol% SnO2) 
and (b) 4B (0.1 mol% Au) from data range k = 2-11 Å-1 and R = 1.9-3.4 Å using gold 
crystal information. 
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Figure 5-25. EXAFS (k)k2 data for Sn K edge of annealed samples. 
 
0 1 2 3 4 5
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
Au L
3
 edge
|χ(
R
)|
 (
Å
-3
)
R (Å)
 Exp
 Fit
(a (b
82 
 
0 1 2 3 4 5
0.0
0.5
1.0
1.5
2.0
Sn K edge 
|χ(
R
)|
 (
Å
-3
)
R (Å)
 0.1 mol% Au
 0.05 mol% Au
 No Au
 
Figure 5-26. FT-EXAFS data for Sn K edge of 0.1 mol% SnO2 with no gold, 
0.05 mol% Au and 0.1 mol% Au. The Fourier transforms were performed on the k2 -
weighted EXAFS with the k range of 2-10.5 Å-1 using hanining window function 
(dk=1). 
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Figure 5-27. First shell fitting of 7B sample (0.1 mol% Au and 0.1 mol% 
SnO2) from data range k = 2-10.5 Å-1 and R = 1-1.95 Å using crystal information 
from (a) SnO2, (b) eakerite and (c) sodium stannosilicate. 
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 Figure 5-28. Fragment of (a) SnO2 generated from database of Wyckoff 
[109] (gray atoms are tin and red atoms are oxygen), (b) sodium stannosilicate 
(color; Na = purple, Sn = gray, Si= nude, and O = red) and (c) eakerite showing the 
polyhedral building units [114]. 
  
      (a)  (b) 
      (c) 
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Chapter 6: Optical Properties of Gold Ruby 
Glass 
6.1. Introduction 
In this chapter, the optical properties which were characterized by FT-IR and 
UV-Vis spectroscopy and optical nonlinearity results are presented. These results 
will give us a perspective to correlate with other properties discussed in the previous 
chapter. The in situ experiment by UV-Vis technique, which has spectrum acquisition 
time of less than a second, is much faster than the 15 minutes it takes for X-ray 
absorption spectroscopy or several hours for Mӧssbauer spectroscopy. Therefore, 
the early stage of the AuNPs’ formation could be detected best by UV-Vis 
spectroscopy. The intent of the present experiment was to see if the role of tin in the 
formation of AuNPs could be more exactly determined by monitoring the striking 
process with in situ optical spectroscopy. 
 
6.2. FT-IR results 
FT-IR spectra showed 4 main peaks at ~470, 760, 970, and 1065 cm-1, as 
shown in Figure 6-1. The peaks at ~470 and ~760  cm-1 are the rocking and bending 
vibrations of the Si-O-Si, respectively [116]. Some spectra also showed a minor 
feature at ~1400 cm-1 which was attributed to carbonate formation on the sample 
surface [117]. The peak at ~970 cm-1 belongs to the stretching vibrations of Si-O 
bonds where the oxygen is non-bridging in the glass matrix. The peak at ~1065 cm-1 
[117] corresponds to Si-O stretching between a silicon atom and a bridging oxygen 
(BO). Additional peaks known as Q1,2,3,4 are present and located between 900 and 
1200 cm-1 [116, 118]. The Qx peaks are attributed to the specific vibrations of 
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tetrahedra with x bridging oxygen per tetrahedron around them. Although these 
peaks are present in the spectra of silicate glasses, their only appearance in this 
data is as a slight shoulder at ~1200 cm-1, indicating Q4 species [118]. Due to the 
small impact of these peaks and the difficulties in a reliable peak fitting, the Q3,4 
peaks are not accounted for in this analysis.   
The spectroscopy data was analyzed with a focus on the main silicate 
absorption peaks at ~970 and ~1065 cm-1. By taking the intensity ratio of the two 
peaks, we measured the relative amounts of bridging oxygen (BO) to non-bridging 
oxygen (NBO). Figure 6-2 showed the ratio of the bridging oxygen peak height to the 
non-bridging peak, where a higher ratio was indicative of more bridging oxygen. The 
only constant feature observed in all three concentration of SnO2 was the 'bump' at 
0.05 mol% SnO2 in the 0.1 mol% Au series. It is most likely that this feature is a 
result of the interaction between the gold and the tin species in the glass. The lack of 
any other repeatable features may be attributed to their small magnitude which was 
less than the error margin due to surface structure change. However, when 
compared to the molar volume of the glass, as shown in Figure 4-3, the trend of 
BO:NBO for each concentration coincides with that of the molar volume. Higher 
molar volume means more open space. Therefore, higher BO:NBO means more BO 
which results in more rigidity of the glass network. The possibilities for further study 
lie in creating a reproducible sample surface, such as by its complete dehydration. 
Alternatively, Micro IR spectroscopy could be used on the surface generated by 
glass fracture, allowing exploration of the bulk material. 
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6.3. UV-Vis results 
In this experiment, the samples with 0.1 mol% Au and varying SnO2 were 
heat treated at 500 °C for 3 hours in a box furnace. SPR from λ = 540-581 nm was 
observed in the UV-Vis spectrum as expected from AuNPs formed in the glass 
matrix (see Figure 6-3). The extinction spectra of 0.1 mol% Au without tin was 
almost 6 times weaker than that of the 0.1 mol% Au and 0.1 mol% SnO2. In fact, its 
SPR peak was unnoticeable if compared in the same scale as the latter. The 
absorption at  , < 500 nm was due to gold interband electron transitioning from 5d 
electrons to a hybridized 6sp conduction band [119]. The maximum peak position 
decreased from 581 nm in SnO2–free to 544 nm when the samples were doped with 
0.1 mol% SnO2; the full width at half maximum (FWHM) also decreased, as shown in 
Table 6-1. From these results, it is clear that the addition of tin causes a blue shift of 
the SPR position, as shown in Figure 6-4. . As observed in TEM, the average size 
and the biggest size of AuNPs were lower when doped with SnO2. Higher SnO2 
concentration also narrowed the size distribution as determined from the direct static 
size measurement of 150-400 particles for each sample. These results are 
consistent with Haslbeck’s observation that the addition of tin to gold-ruby glasses 
causes the AuNPs to be smaller but more in number [27]. It is possible that the tin 
provides condensation nuclei for the nanoparticles and the presence of many 
condensation nuclei prevent the formation of gold particles of larger sizes. 
MiePlot software v4401 [120], based on Mie theory, was employed to 
simulate and calculate the extinction cross-section spectra using the size distribution 
from TEM. The SPR peak position of 0.1 mol% and 0.1 mol% SnO2 samples 
displayed a slightly red shift from the simulated spectra using the size distribution 
obtained from TEM and the refractive index of 1.517, which was estimated from the 
experimentally determined density. The modified parameters for the simulation using 
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a refractive index of 1.6 and using the same TEM size distribution (red line in Figure 
6-5 (a)) matched SPR position more closely. SPR position was also the same if the 
increase in size was fixed at 18 nm and refractive index of 1.517. However, the 
simulated spectra were far off from 0.1 mol% Au sample even when increasing the 
refractive index to 1.8 (blue dash dot in Figure 6-5 (b)) or increasing the size to 30 
nm (black dot in Figure 6-5 (b)). The increase of the refractive index affected the 
SPR position more than the size of AuNPs. However, these two parameters were 
unlikely to be true in our sample because the normal sodium silicate glass should 
not have a refractive index to 1.8 and the average size from TEM in this sample was 
~ 10 nm, only few particles ere bigger than 30 nm, however, even then the SPR 
position was still far off. To find the possible explanation, consider the Mie’s theory 
that was used in this simulation. As mentioned in Chapter 1, the extinction cross 
section of spherical nanoparticles that are small compared to the wavelength of the 
excitation light (, ≫ 2R, for gold 2R < 25 nm) using quasi-static or dipole 
approximation can be written as: 
 
 =
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&
                               (6-1) 
where Np represents the number concentration of particles, R is the radius of 
particle, *+ is the dielectric constant of matrix, and the complex dielectric constant of 
particles is *∗ = *. − /*" [29]. The resonance condition is satisfied when *. =  −2*+. 
According to Mie’s theory and experimental results, the change in SPR peak position 
to a shorter wavelength results from a decrease in dielectric constant of the matrix 
and an  increase in the size of the metal particles [53, 58, 59]. In fact, Xia and Birss 
[121] reported that the refractive index of Au-O was 1.7 – 3.3. Just one monolayer of 
Au-O (~ 0.33 nm [121]) can cause the SPR red shift to 560 nm from 540 nm when 
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compared to AuNPs without this layer, assuming they are 8 nm AuNPs with 
refractive index of 3 for Au-O layers and 1.5 for glass matrix. Mie’s theory assumes 
that there is no interaction between particles and that the particles are spherical but 
several experimental results showed an SPR red shift with decreasing nanoparticles’ 
spacing and more elliptical particles [56, 62, 122]. In this experiment, large non-
spherical AuNPs of the sample without SnO2 were observed as shown in  
Figure 5-1 (a) and in some areas the AuNPs were close to the others. Therefore, 
these non-spherical AuNPs and small interspacing could cause red shift in SPR 
position when compared to the value from simulation. 
As mentioned in Chapter 5.3.1, there was contamination of Au in the sample 
doped with only 0.1 mol% SnO2 in the first batch. After heat treatment, it was dark 
yellow and the SPR position was at 446 nm, an unexpected observation since there 
is no such SPR for colloidal tin [123]. This observation may be explained by the 
XANES result which showed that there was a contamination with ~60 ppm (0.006 
mol%) of gold in the tin-only doped sample and around 30 ppm in the undoped 
sample. The gold contamination presumably came from gold forming an alloy with 
the platinum crucible and platinum contamination obviously coming from the 
crucible. The pure platinum nanoparticle does not have SPR [124]. However, this 
observation still needs further investigation since the AuNPs alone are not expected 
to have a peak below 500nm. Three possible causes for this might be that (i) gold 
forms an alloy with other contamination, (ii) gold may form core-shell microstructure 
with other elements in glass, and (iii) there are other contaminants from previous 
compositions that were melted in this crucible. 
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6.4. In situ UV-Vis results 
The SPR corresponded to the AuNPs that developed during the heating. The 
threshold time before the SPR could be observed varied from 1 minute to 60 
minutes when 0 minutes was marked as the time when the heating stage reached 
500 °C, as shown in Table 6-2. SPR peak was detected in the 0.1 mol% Au samples 
1 hour after 500 °C (~40 minutes at 550 °C) was reached (Figure 6-6), while 
nanoparticles were detected after 15 minutes in the 0.1 mol% Au and 0.02 mol% 
SnO2 sample. The growth started as early as 480 °C in 0.1 mol% SnO2 (Figure 6-8) 
and about the temperature reached 550 °C in 0.02 mol% SnO2. According to these 
results, the addition of SnO2 to gold ruby glass both increased the rate of AuNPs 
formation and lowered the onset time for the formation. During the cool down, an 
SPR blue shift was observed as expected from the reversion of the heating effect. 
An increase in the intensity of the SPR was found in the samples with no 
SnO2 and 0.005 mol% SnO2 when AuNPs started to grow as well as in the cooling 
period as shown in Figure 6-9 (b). After cool down, the maximum SPR position and 
particle size of AuNPs were determined from UV-Vis spectroscopy and TEM, 
respectively, as shown in Table 6-2 and Figure 6-10. The results exhibited the same 
trend as the sample that was annealed in a box furnace. However, the in situ 
samples were heated up to higher temperature resulting in the difference of 
maximum SPR position and particles size of AuNPs. 
An interesting observation was made in the position of the SPR where the 
red and blue shifts of the SPR position occurred in a different time during the growth 
in the sample with SnO2. For example, sample with 0.1 mol% Au and 0.1 mol% 
SnO2 (Figure 6-8) showed that the SPR peak position was at 525 nm before the 
growth and then red shifted to 534 nm at the maximum growth rate (highest 1st 
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derivative). Then, its position blue shifted back to 525 nm after the SPR amplitude 
reached the plateau. To understand the reason behind these observations, we have 
to understand two mechanisms that compete with each other during the in situ 
heating: (i) the growth of AuNPs and (ii) the effect of heating on the already formed 
AuNPs. In general, the bigger AuNPs resulted in the red shift of the SPR position 
and an increase in the intensity of the SPR. The heating caused the AuNPs to have 
broader FWHM, and lowered the intensity and the red shift of the position [82]. 
However, these two mechanisms alone could not explain why the red and blue shifts 
occurred during the AuNPs’ growth in 0.1 mol% Au and 0.1 mol% SnO2. 
The proposed mechanism for red and blue shifts in the beginning of AuNPs 
growth involves the transient increase of the dielectric constant surrounding AuNPs. 
As described in section 6.3, an increase of dielectric constant greatly affects the 
SPR position. We propose that first there is an increase in the polarization from 
available electrons near AuNPs at the beginning of their growth. These electrons are 
considered to be polarons rather than free electrons moving in the glass; they hop 
from one site to another. The increase in polarization from the presence of polarons 
causes a higher dielectric constant of the matrix surrounding the AuNPs resulting in 
red shift; when there is no SPR until the growth of only 0.1 mol% Au sample (Figure 
6-6), and 11R sample (Figure 6-7), this polarization induced red shift was not 
observed in either sample. The polarons were then used up to convert the Au+ to Au0 
as AuNP developed, decreasing the dielectric constant, and causing the blue shift as 
observed in Figure 6-9 (a). 
According to the UV-Vis results, the growth of AuNPs started as early as 
when the temperature reached 550 °C but was delayed more than 30 minutes before 
XANES showed the clear change. There are three key parameters that could affect 
the delay in gold reduction in XANES compared to the in situ UV-Vis spectroscopy 
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results: (i) the sample preparation, (ii) the experiment set up which affected the heat 
transfer, and (iii) the fundamentals of the technique. To begin the preparation, the 
samples of UV-Vis measurements were annealed at 400 °C before the experiment 
but the XANES samples were investigated as quenched. Next, the samples in UV-
Vis measurement were covered in the front by the aluminum piece which had a hole 
for optical path while the XANES samples had no front cover so that the florescent 
X-ray could be detected without any blockage. Therefore, the UV-Vis samples were 
heated from the front and the back while the XANES samples were only heated from 
the back. Moreover, one scan for XANES required about 13-14 minutes and the 
XANES spectra were noisier than UV-Vis spectra. Finally, when comparing the 
fundamental detection component of the experiment was when the UV-Vis detected 
the SPR which corresponded to AuNPs bigger than 3-4 nm [1, 62]. However, the 
XANES detected the reduction of Au+ to Au0 from the reduction of the white line 
intensity and the absorption edge position as well as the extended local structure 
around the gold atoms by the resonance features as explained in Chapter 5.3. The 
lower heat transfer from heating stage, longer acquisition time, noisier data, and 
difference in the fundamental detection of these two techniques could explain why 
we observed the change in the optical data before the XAS data. 
 
6.5. Rate limiting process of AuNPs 
To identify the rate limiting process of the AuNPs’ growth, the in situ UV-Vis 
measurement of the X-ray irradiated area was compared to the reference of the 
same sample concurrently. The heating stage had two holes for the optical path: one 
hole was aligned to X-ray beam to irradiate the sample and another hole for the 
reference sample. The optical beam was focused to a smaller size than the X-ray 
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beam to probe the change in UV-Vis spectra as shown in Figure 6-12. The samples 
were measured under three different conditions: i) no irradiation (reference sample), 
ii) irradiation before heating for 30-45 minutes, and iii) irradiation before and/or 
during heating. During the irradiation and heating, the UV-Vis spectra were 
measured every 30 seconds.  The samples were heated to 540 °C at a ramp rate of 
3.25 °C/min and were held for 5-6 hours at 540 °C before cooling down to room 
temperature. During the heating, the heating stage was moved between the two 
holes every 5 minutes to measure UV-Vis in the reference and X-ray irradiated area. 
The absorbance at 440 nm, 450 nm, 600 nm, 650 nm, 700 nm, and 800 nm were 
monitored during the in-situ measurement. 
The area of X-ray irradiation at room temperature turned brown. This change 
was observed in the UV-Vis as the absorbance increased with time as shown in 
Figure 6-12 and Figure 6-14. There are two absorption bands: one at lower than 420 
nm and another at 620nm. They corresponded to the irradiation-induced non-
bridging oxygen hole centers which have the center of absorption band at 420 nm 
(2.95 eV) and 620 nm (2 eV) [125-129]. Indeed, at least two of the absorption bands 
around 250-300 nm, 420-450 nm, and 610-650 nm were found in silicate glass that 
was irradiated by a neutron, gamma, X-ray or UV source [125, 130-135]. In our set 
up, only half of the absorption band at 420 nm was observed. This band has a 
stronger absorption as compared to another band at 620 nm. The absorption bands 
at 420 nm should be lower if the alkali concentration increased [136]. 
The absorbance around 440 nm was plotted with the time as it was known 
that the absorbance at this wavelength was proportional to the density of AuNPs 
[82]. During the first hours of heating up to 200 °C, the X-ray irradiated area became 
clear and the absorption bands decreased due to the recombination of induced 
defects  [129, 137], as shown in Figure 6-15. The data in both areas was 
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disconnected as the heating stage was moved between both holes as mentioned 
earlier. In the sample with 0.1 mol% Au without SnO2, there was no observed SPR 
during heating in the reference position. On the other hand, the SPR started to grow 
after ~ 140 minutes in the X-ray irradiated area after the temperature reached 540 
°C (300 minutes after it began heating). However, the saturation of the SPR was not 
fully reached due to the 5 hours limit for the sample without SnO2. In the irradiated 
area of the sample with 0.05 mol% Au and 0.01 mol% SnO2 (4C), as shown in 
Figure 6-15, SPR ~ 540 nm was observed 10 minutes before the temperature 
reached 540 °C (150 min after start heating) but the SPR of the reference area was 
observed after 180 minutes  (30 minutes slower). The above result showed that the 
X-ray irradiation helped the growth of AuNPs. It appears that the X-ray created 
electron-hole pair in glass as reaction (6-2). The generated electrons then facilitated 
gold reduction as in reaction (6-3) so the growth of AuNP occurs as neutral Au0 
atoms agglomerate to the desired size by the following reaction (6-4): 
Glass → h+ + e-           (6-2) 
Au+ + e- → Au0                 (6-3) 
Au0 + Au0 → AuNP                 (6-4) 
The SPR indicated that the AuNPs grow to a certain size before being 
detected by the UV-Vis spectroscopy. It corresponds to the threshold time described 
in the previous section. After holding at 540 °C for 5 hours, the 4C sample was 
cooled to room temperature and the absorbance at 440 nm increased again after 
620 minutes to (200 °C) due to the irradiation-induced non-bridging oxygen hole 
centers as before heating. Therefore, these induced defects were reversible with 
respect to thermal activation. The SPR showed a blue shift during cooling which was 
the same as the observation in the experiment in the previous section. This result 
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was direct evidence that the reduction of gold (reaction (6-3)) was one of the rate 
limiting processes and electrons could be supplied by the induced defect in glasses. 
On the other hand, reaction (6-4) was limited to the growth of AuNPs by the 
temperature as evident from the absorbance at 440 nm increased in all samples 
after 540 °C. Therefore, the reaction (6-4) involved the diffusion of gold atoms which 
increases with temperature [138]. The diffusion coefficient, D follows [91]:  
\ = \	∆^_/JKH  (6-5) 
where Do is a pre-exponential factor, T is Temperature in Kelvin, ∆`a is the 
activation energy and kb is the Boltzmann constant. The diffusion coefficient value of 
gold in glass depends on composition and temperature; for example, for sodium 
aluminum silicate glass D ~ 2.9 x 10-12 cm2/s [139] at 530°C and Maurer [28] 
reported D ~ 6.8  x 10-13 cm2/s at the same temperature with slightly different glass 
composition. 
The growth of AuNPs in the sample with 5 times more SnO2 (i.e. 0.05 mol% 
SnO2 (10B)), had a smaller effect of X-ray irradiation (Figure 6-16). As observed in 
the previous section, the SnO2 greatly affected the growth of AuNPs. The effect of 
the X-ray irradiation growth rate was reduced with higher SnO2 concentration. It was 
also possible that the electrons were trapped by tin atoms and that the higher SnO2 
concentration would trap more electrons, therefore leading to less available induced 
electrons for gold. Moreover, X-ray irradiation could be more effective if the sample 
was irradiated during the heating as observed from Figure 6-17. The onset time is 
lower by 10 minutes compared to the irradiation before heating. This observation 
would explain that irradiation continues creating new defects, and if there are no new 
defects created by X-ray, these defects will be removed by heating, thus the number 
of electron was reduced leading to slower formation of AuNPs. 
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6.6. Nonlinearity 
Z-scan is a technique to obtain both nonlinear absorption and nonlinear 
refraction. The complex nonlinear refraction index, n2 = n2’ + in2”, is related to third-
order optical nonlinear susceptibilities, χ(3) by Eq. (6-6) 
 = L
b"
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             (6-6) 
There are two linear refractive indexes in Eq.(6-6); one is complex and 
another one is real. Therefore, the real and imaginary part of e are: 
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The Z-scan set up involves the measurement of the laser beam intensity 
before and after irradiation to the samples while the samples were translated along 
the beam axis (z-axis) through the focal regime. In the Z-scan experiment, at each z 
position, the samples experience different laser intensities; thus an intensity 
dependent transmittance of the sample can be obtained from this measurement. A 
simple Z-scan scheme can be seen in Figure 6-18. 
When a sufficiently small aperture is used (the so-called closed-aperture z-
scan), the real part of nonlinear refraction index n2’ could be determined. In contrast, 
open-aperture Z-scan measurements are performed to obtain the imaginary part 
nonlinear refraction index n2”, or alternatively, the nonlinear absorption coefficient β. 
The Z-scan result will show a trough if β > 0, indicating an optical limiting behavior 
from the induced absorption. Conversely, a peak from Z-scan indicates β < 0 
resulting from induced transparency [140]. 
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In our experiment, only open-aperture Z-scan measurements were performed 
for determining the nonlinear absorption coefficient of heat-treated samples. This 
experiment was performed by our collaborators at Bangalore University, India: Prof. 
Rajan V. Anavekar and graduate student R. Rajaramakrishna. The laser used 5 ns 
pulses with the frequency doubled Nd:YAG laser emitting at the wavelength of 532 
nm (2.33 eV). The beam intensity was measured before and after irradiation to the 
samples using two pyroelectric energy probes (RjP 735, Laser Probe Inc.). The two 
photon absorption error (TPA error) should be minimum (<0.1) for superb fit. In our 
analysis, the TPA error observed was within the limits. 
Figure 6-19 shows the fluence curves, for which transmittance decreases 
with an increase in the laser intensity as the glass approaches focal point (z), 
showing optical limiting behavior. However, 3C, 2C, and Base glass show no 
absorption as expected because these samples have no AuNPs. The sample with 
SnO2 showed saturable absorption (SA) behavior at medium input intensities and 
then reversible saturable absorption (RSA) behavior at higher intensities – see 
Figure 6-19 (b) and (d). The Z-scan curves appear to fit to the nonlinear 
transmission equation for a two-photon absorption process, Eq. (6-9):  
h = fL	!
gRij
klm 
n op1 + qr 	
stu	u                               (6-9) 
where T is the net transmission of the sample, L and R are the thickness and 
reflectivity of the sample, respectively, and qr = v1 − wrxyy is the linear 
absorption coefficient. Io is the on-axis peak laser intensity, xyy = [1 − {
αm| 
αm
 ] is the 
effective optical length, and β is the two-photon absorption coefficient. Input 
intensities for the Gaussian beam are calculated from the input energy, laser pulse 
width, and irradiation area. 
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The transmittance of our glasses decreased with increasing laser intensity as 
the glasses approached focal point (z) (see Figure 6-20), showing optical limiting 
behavior as shown in Table 6-3. This is probable as the samples containing only 
gold nanoparticles had bigger AuNPs compared to other samples. In addition, SPR 
might affect nonlinear properties due to the fact that the sample had some 
absorption at the excitation wavelength (532 nm) and a strong absorption existed at 
the two-photon level of 266 nm. 
 
6.7. Conclusions 
The FT-IR showed a lack of a clear trend in the ratio of BO to NBO which 
may be attributed to their small magnitude (less than the error margin due to surface 
structure change). In the study using UV-Vis spectroscopy, the effects of the addition 
of tin on AuNP formation in a sodium trisilicate glass during the annealing step were 
investigated.  A blue shift in the SPR position of gold-ruby glass was observed in 
samples doped with tin when compared to undoped samples. This observation 
indicates that the addition of tin causes AuNPs to be smaller, which is confirmed by 
direct S/TEM observations.  A greater concentration of tin resulted in a greater 
reduction of the incubation time at the beginning of AuNP formation, and increased 
the rate of the AuNP formation. In the beginning of AuNP growth in samples with 
SnO2, red and blue shift was observed. We propose that the red shift occurs from a 
higher polarization from available electrons which increases the dielectric constant of 
the surrounding matrix of AuNPs. On the other hand, the blue shift is caused by the 
electrons being used up in the reduction process of Au+ to Au0. 
In the X-ray irradiation experiment, the reduction process through Au+ + e- → 
Au0 sped up the growth of AuNPs by the electrons which were generated from X-ray 
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irradiation. Thus, this result was the direct evidence that the reduction process of 
gold was the rate limiting processes that involved electrons. However, the growth of 
AuNPs was limited by temperature. The effect of reduction process from induced 
electrons was less when more SnO2 was present in the glasses.  Moreover, X-ray 
irradiation could be more effective if the sample was irradiated during the heating as 
compared to the irradiation before heating. The irradiation continues to create new 
defects and thus electrons are more available for the reduction process during the 
heat treatment. In the case of irradiation only before the heat treatment, there are no 
new defects created by X-ray, and these defects will be removed by heating, thus 
the number of electron was reduced leading to slower AuNP growth. 
The open Z-scan technique confirmed that the samples containing gold 
showed nonlinearity which showed optical limiting behavior. The samples with higher 
gold showed higher level β. The addition of tin to the samples caused the deep ruby 
red glasses but lowered β in these samples. Moreover, the tin doped samples 
showed a negative (saturable absorption phenomenon) or positive β (reversible 
saturable absorption phenomenon) depending on the intensity of laser. An intensity 
dependent saturable absorption suggests potential applications of these glasses in 
photonic devices. 
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Table 6-1. Maximum peak position of SPR and the particle size with standard 
deviation (SD) of different dopants and concentrations. The raw material and 
dopants mixed with 10 ml of DI water to make slurry before melting. The samples 
were heat treated at 500 °C for 3 hours in a box furnace. 
Doping concentration 
(mol%) 
Max. 
Peak 
(nm) 
FWHM of SPR 
peak 
(nm) 
Particle size (SD) 
(nm) 
0.1 Au, 0.1 SnO2 (7B) 544 ± 1 131 ± 1 8.4 (4.9) 
0.1 Au, 0.05 SnO2 (3B) 552 ± 1 102 ± 1 7.7 (5.8) 
0.1 Au (4B) 581 ± 1 97 ± 1 9.6 (7.9) 
 
 
Table 6-2. Maximum peak position of SPR, the onset time for AuNPs formation, and 
the particle size with standard deviation (SD) from TEM in different dopants and 
concentrations after in situ heating, gold was doped as HAuCl4. The samples were 
heat treated at 400 °C for 12 hours in a box furnace before in situ experiment. 
Doping concentration 
(mol%) 
Max. 
Peak 
(nm) 
Time from 480 °C 
until AuNP formation 
(min) 
Particle size (SD) 
(nm) 
0.1 Au (3R) 581 ± 1 57 18.7 (15.4) 
0.1 SnO2 (6R) 446 ± 1 N/A N/A 
0.1 Au, 0.1 SnO2 (8R) 523 ± 1 0 5.1 (4.0) 
0.1 Au, 0.02 SnO2 (10R) 552 ± 1 20 16.2 (11.7) 
0.1 Au, 0.005 SnO2 (11R) 568 ± 1 40 N/A 
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Table 6-3. Z–scan results from the present work, compared to the values in the 
literature. Asterisks (*) indicate that the data are from the same lab. 
Sample 
Linear 
transmission 
(%) 
Input 
energy 
(μJ) 
Linear 
absorption 
coefficient, 
α0 (/m) 
Two 
photon 
absorption 
coefficient, 
β ± 0.1 
(m/W) 
TPA 
Error 
Base glass 68 75 167.5 - - 
0.1 % Au (4B) 52 75 284 2.2×10-9 0.093 
0.006 %Au +  
0.1 % SnO2  (6B) 
64 50 193 1.9×10-12 0.096 
0.1 %Au + 
0.05%SnO2 (3B) 
12 200 886 3.2x10-10 0.026 
0.1 %Au +  
0.1 %SnO2 (7B) 
13 200 1000 2.8x10-10 0.027 
0.05 % Au (9B) 63 ~25 200 1.0x10-10 0.061 
0.1 % SnO2 (2C) 71 - - - - 
0.05 % SnO2 (3C) 69 - - - - 
0.8 % Au in lead 
lanthanum borate 
glass [141]* 
67 200 - 
1.4 × 10 
−12 
0.023 
0.08 % Au in lead 
lanthanum borate 
glass [141]* 
54 200 - 2 × 10 −11 0.072 
Au thin film on 
quartz [140] 
53.5 
  
5.3 x 10-5  
Au nanorods [142]    5.3x10-11  
C60 [143]   16 3.28x10-11  
Cu Nanocomposite 
glass [144]* 
   8.4x10-11  
Te nanowire [145]*    3.8x10-11  
Ag nanoparticles 
[146]* 
   ~10-10  
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Figure 6-1. FT-IR spectra comparing no doping (12B) and 0.1 mol% Au and 
0.1 mol% SnO2 (7B). 
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Figure 6-2. Peak ratio of bridging to non-bridging oxygen;  each point is a 
different scan of the same piece of glass immediately after polishing. Black is no 
gold, blue is 0.05 mol% Au, and red is 0.1 mol% Au. 
 
 
103 
 
 
400 500 600 700 800 900
 E
xt
in
ct
io
n 
(a
.u
.)
Wavelength (nm)
 0.1 mol% Au + 0.10 mol% SnO
2
 0.1 mol% Au + 0.05 mol% SnO
2
 0.1 mol% Au
 
Figure 6-3. Extinction SPR of 0.1 mol% Au with different SnO2 concentration. 
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Figure 6-4. Maximum SPR peak position of 0.1 mol% Au with different SnO2 
concentration. 
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Figure 6-5. Extinction spectrum of  (a) 0.1 mol% Au and 0.1 mol% SnO2 (7B), 
and (b) 0.1 mol% Au (4B), comparing to simulated spectra with different refractive 
index. 
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Figure 6-6. In situ results of 0.1 mol% Au (3R) (a) UV-Vis spectra during 
heating; lines are shown for every 10 minutes, and (b) maximum SPR position and 
amplitude, and 1st derivative of the amplitude. 
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Figure 6-7. In situ results of 0.1 mol% Au and 0.005 mol% SnO2 (11R) (a) 
UV-Vis spectra during heating; lines are shown for every 10 minutes, and (b) 
maximum SPR position and amplitude, and 1st derivative of the amplitude. 
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Figure 6-8. In situ results of 0.1 mol% Au and 0.1 mol% SnO2 (8R) (a) UV-Vis 
spectra during heating; lines are shown for every 10 minutes, and (b) maximum SPR 
position and amplitude, and 1st derivative of the amplitude.  
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(b) 
Figure 6-9. In situ UV-Vis results during heating to 550 °C and cooling down 
to room temperature of sample with 0.1 mol% Au and different SnO2 concentrations 
(a) maximum SPR position, and (b) maximum SPR amplitude. 
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Figure 6-10. Maximum SPR peak position and particles size of 0.1 mol% Au 
with different SnO2 concentration after in situ experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-11. Schematic of X-ray irradiation area and the optical paths for in 
situ UV-Vis measurement. The X-ray beam covers the optical path.  
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Figure 6-12. UV-Vis spectra of (a) 0.05 mol% Au with 0.01 mol% SnO2 (4C), 
(b) 0.05 mol% Au with 0.05 mol% SnO2 (10B), and (c) 0.15 mol% Au with 0.02 mol% 
SnO2 (15X01) during 30-45 min X-ray irradiation before heating with blue dash line 
as indicator for each 5 min interval. 
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Figure 6-13. UV-Vis spectra of 0.05 mol% Au with 0.01 mol% SnO2 (4C) 
during heating to 540 °C while continue X-ray irradiation. 
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Figure 6-14. Absorbance at different wavelengths of 0.05 mol% Au with 0.05 
mol% SnO2 (10B) during 30 min X-ray irradiation before heating. 
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Figure 6-15. Absorbance at 440 nm of 0.05 mol% Au with 0.01 mol% SnO2 
(4C) sample comparing between X-ray irradiation and reference during heating.  
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Figure 6-16. Absorbance at 440 nm of 0.05 mol% Au with 0.05 mol% SnO2 
(10B) sample comparing between X-ray irradiation and reference during heating. 
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Figure 6-17. Absorbance at 440 nm of 0.15 mol% Au with 0.02 mol% SnO2 
(15X01) sample comparing X-ray irradiation before heating and X-ray during 
heating. 
 
 
 
 
Figure 6-18. The simple Z-scan scheme: FL, focusing lens; C, cell with 
colloidal metals; A, aperture; PD, photodiodes; DV, digital voltmeters; BS, beam 
splitter; PC, personal computer; MT, moving table. 
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Figure 6-19. Fluence energy curve for (a) 0.006%Au + 0.1% SnO2, (b) 0.1 
mol% Au + 0.05 SnO2, (c) 0.1 mol% Au, (d) 0.1%Au + 0.1%SnO2, and (e) 0.05 mol% 
Au doped in sodium silicate glasses. 
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Figure 6-20. Z-scan curve fit for (a) base glass, (b) 0.006%Au + 0.1% SnO2, 
(c) 0.05%Au, (d) 0.1%Au + 0.05%SnO2, (e) 0.1%Au, and (f) 0.1%Au + 0.1%SnO2 
doped in sodium silicate glasses. 
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Chapter 7: Electrical Conductivity 
7.1. Introduction 
Although ruby glass has been known for a long time and we have reasonable 
understanding of the optical effects of AuNPs in glass, very little is known about the 
corresponding electrical effects. The latter information is important for exploiting 
metal nanoparticle-glass composites as multifunctional materials. Recently, studies 
from our group have shown that ruby glass exhibits higher conductivity than the 
base glass [41]. However, there is a lack of complete knowledge of the origin of this 
effect [41]. It is unlikely that a change in conductivity is due to the movement of ionic 
gold, as its concentration is very small [72, 147]. We found an anomalous increase 
in electrical conductivity and a three-fold decrease in the activation energy, which 
was not stable. Notwithstanding, all the samples doped with gold exhibited higher 
conductivity than undoped samples; this increase was stable and reproducible. The 
goal of this study has been to develop an understanding of this significant 
enhancement of conductivity with the doping of metal nanoparticles. Here, we report 
on the effect of tin and gold doping on the DC conductivity of sodium trisilicate glass 
as a simple model system, specifically to answer a basic question: how can the 
addition of 100s of ppm of Au enhance the mobility of much faster moving alkali ions 
in much higher concentration and can SnO2 addition enhance or suppress the 
conductivity of glass?  
 
7.2. Experimental Results 
As a typical example, Figure 7-1 shows plots of AC conductivity as a function 
of frequency for a sample with 0.1 mol % Au and 0.02 mol% SnO2. Figure 7-2 shows 
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plots of complex impedance of an undoped sample and another sample doped with 
0.1 mol % Au + 0.005 mol% SnO2 at 75±1 °C.  
As expected from ionic conductivity, the level of AC conductance increases 
strongly with temperature. At low temperatures, it reveals the typical transition from 
the DC plateau at low frequencies to a power law behavior. At the highest 
temperatures and at low frequencies, the conductivity falls below the DC plateau due 
to the presence of electrode polarization. The DC conductivity is determined from 
complex impedance analysis of AC data using the procedure detailed elsewhere 
[103].  
The temperature (T) dependence of DC conductivity (σ) follows the Arrhenius 
form (Eq. 7-1 below), as indicated by the straight line plots of σDCT vs. inverse 
temperature in Figure 7-3:  
 = GH 
	I/JKH    (7-1) 
where A is pre-exponential factor, T is temperature in Kelvin, E is the activation 
energy and kb is Boltzmann constant. The linear regression analysis of the 
conductivity data with fit to Eq. 7-1 gives E for various compositions, as shown in 
Figure 7-4 [103, 104].  
From the nearly same slopes, we may conclude that the basic source of DC 
conductivity is not affected by the doping with Au and SnO2 i.e. sodium ions remain 
the predominant carriers of electrical current. Nonetheless, the magnitude of 
conductivity is significantly affected. It is not only gold that increases the magnitude 
of sodium ionic conductivity, tin when added in about the same amount i.e. 0.1 
mol%, increases further the mobility of sodium ions. The sample with 0.05 mol% of 
tin also has a higher conductivity compared to the sample doped only with gold, but 
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the magnitude of increase is relatively smaller. Moreover, when tin was increased 
from 0.05 mol% to 0.1 mol% and gold was held constant, the conductivity increased 
further.  
To understand the unexpected increase of electrical conductivity from the 
addition of gold and/or tin, it is important to recognize first that there is no observable 
electronic conductivity in the present samples. As reported previously [41], the 
activation energy for electronic conductivity is merely 0.34 eV, which is about one-
half to one-third of the value observed here.  In the present experiments, 
conductivity varied with temperature by almost five orders of magnitude (Figure 7-3). 
For such a large range of conductivity variation, it will be difficult to miss an electron 
conductivity mechanism with such low activation energy.  
Hopping of electron or hole between different valence states of an ion is also 
ruled out, as there is no indication of Sn+2 and Au+3 in the sample from X-ray 
absorption near edge structure analysis (XANES). Most of Au+ converted to Au0 
during heat treatment and tin always remained as Sn+4. There is also no indication of 
mixed valence states of tin from optical absorption and florescence spectra. All 
optical absorption peaks in the visible range are from surface plasmon resonance.  
Conduction in oxide glasses is primarily governed by the movement of 
monovalent cations, where the activation energy represents the barrier that the ion, 
viz. Na+ in our case, must overcome to complete the elementary step of diffusion 
[104]. Our value of E is around 0.72-0.77 eV, which is in the typical range for 0.55 - 
0.8 eV of sodium trisilicate glass [148]. The value of E decreased slightly, but 
outside the experimental error, when the glass was doped with either gold or just tin. 
Doping with tin alone helped lower the activation energy more than for the case of 
doping with gold alone. Combined doping with both tin and gold depressed the 
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activation energy the most. However, the trend was changed with the highest doping 
of tin for the fixed gold doping at 0.1 mol%. The value of E was still lower than for the 
sample doped with only tin. In this regard, note that the radius of Au+ is about 50% 
larger than that of Na+ and hence Au+ conduction would be much slower compared 
to Na+. According to nuclear magnetic resonance (NMR) studies [149], Sn+4 is part 
of glass network. Therefore, it would also not contribute to the observed electrical 
conductivity. 
According to Anderson-Stuart model, E comprises of two kinds of energy 
barriers: (a) the electrostatic binding energy Δ between the mobile cation and its 
charge compensating center, nominally identified as a non-bridging oxygen, and (b) 
the elastic strain energy Δ3 required for the ion to travel through the glass network 
[72]. McElfresh and Howitt modified the Δ3 term by including the jump distance λ of 
the alkali ion [147]. Thus, 
 = Δ + Δ3    (7-2) 
with,  
 ∆ = c#. 
  L)c −
L
&/           (7-3) 
 Δ3 =  − /2,        (7-4) 
 
where Z and Z0 are the charges on the alkali and non-bridging oxygen ions, ε’ is 
relative dielectric permittivity, e is the electronic charge, r and r0 are the radii of the 
alkali and non-bridging oxygen ions respectively, µ is the shear modulus of the glass 
and rd is the radius of the network doorway. 
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Overall, the activation energy depends on the interaction between mobile 
cation and the glass matrix. As mentioned before, the movement of ionic gold i.e. 
Au+ is an unlikely reason for enhanced conductivity of gold doped samples. 
Considering that Au+ has a radius of 1.37 Å [150], one can calculate the activation 
energy from Anderson-Stuart model. It turns out to be  about 1.5 times higher 
compared to that for Na+ [72], implying negligible mobility of Au+ in the structure.  
In the present experiment, we did not change the mobile cations. So E 
depends on glass matrix properties such as dielectric constant (ε') and molar 
volume, among other characteristics. Figure 7-5 shows typical plots of AC 
capacitance as a function of frequency for a sample with 0.1 mol % Au and 0.02 
mol% SnO2. At high frequency, the capacitance is expected to become frequency 
independent and unaffected by the electrode phenomenon. Then the real and 
imaginary parts of dielectric constant may be simply calculated from capacitance 
and conductance:  
 *′ = F#cG
   ,   *" = DE#cG
           (7-5) 
where ε” is dielectric loss, d is thickness, A is effective electrode area, C is 
capacitance, G is conductance, ω is angular frequency and ε0 is vacuum permittivity. 
To obtain a representative value consistently for each sample, the dielectric constant 
was calculated by fitting complex permittivity in Figure 7-6 to an exponential function. 
Its extrapolated value when the dielectric loss is zero gives dielectric constant at an 
intermediate frequency, which represents local polarization of the medium perceived 
by the mobile ion  [151]. 
Figure 7-7 shows the composition dependence of intermediate frequency 
dielectric constant, ε’if. Its value decreases with gold doping alone, but increases 
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upon doping with tin only. Furthermore, for the fixed amount of gold doping at 0.1 
mol%, addition of tin increases the dielectric constant further. Thus, introduction of 
Sn+4 in glass structure appears to introduce loosely bonded electrons that are easily 
polarized leading to an increase in overall dielectric constant. Then, Coulombic 
barrier for sodium ion diffusion, and hence the activation energy is decreased, which 
would then lead to an increase in sodium ion conductivity with tin doping, as 
observed. 
One possible explanation of lower the activation energy by adding more gold 
was linked to the molar volume. For fixed gold content, there is no clear trend with 
respect to tin concentration. However, the sample with 0.1 mol% gold does have 
higher molar volume than samples with no gold (red vs. black symbols in Figure 
4-3). This would explain why gold doping lowers the activation energy by providing 
more open space in glass and less steric effects to sodium migration, thereby 
leading to higher ionic conductivity. Thus the increase in ionic conductivity of the 
present glass with gold and tin doping appears to arise from different structural 
changes, which manifest in dielectric constant on one hand and the molar volume on 
the other hand; the only exception is the observation that the dielectric constant of 
the sample doped with only gold is lower compared to the undoped glass. One 
explanation for this particular case is that the increase in molar volume with gold 
doping overwhelms the effect of lowered dielectric constant. 
 
7.3. Conclusion 
Doping with Au or SnO2 increases the electrical conductivity of sodium 
trisilicate glass. Furthermore, the conductivity of glass, which arises from the motion 
of sodium ions, increases with increasing tin concentration. The origin of both kinds 
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of changes can be traced in the decrease of activation energy of DC conductivity. 
Such decrease with tin doping (irrespective of gold doping) appears to be from the 
increased polarizability of the glass structure brought about by the presence of tin 
ions. The result is an increase in overall dielectric constant, which reduces the 
Coulombic barrier for sodium ion diffusion. By contrast, Au doping causes general 
expansion of molar volume, which decreases steric hindrance for the motion of 
sodium ions. In turn, it decreases the activation energy and increases the ionic 
conductivity of glass, as observed. 
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Figure 7-1. AC Conductivity sodium trisilicate glass doped with 0.1 mol% Au 
and 0.02 mol% SnO2 as a function of frequency at the indicated temperatures. 
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Figure 7-2. Complex impedance plots of an undoped sodium trisilicate glass 
and a sample doped with 0.1 mol% Au and 0.005 mol% SnO2 at 75±1 °C. 
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Figure 7-3. Arrhenius plot for all six sodium trisilicate glasses. 
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Figure 7-4. Activation energy as a function of tin concentration 
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Figure 7-5. AC capacitance of sodium trisilicate glass doped with 0.1 mol% 
Au and 0.005 mol% SnO2 as a function of frequency at the indicated temperatures 
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Figure 7-6. Complex permittivity plot of dielectric constant and dielectric loss 
plot of the undoped sample at 52 °C, as an example of the general dielectric 
behavior of present glasses. The lines represent 95% confidence band for the fit of 
high frequency data to an exponential function. The measured complex permittivity 
including low frequency data is shown in the inset 
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Figure 7-7. Dielectric constant at intermediate frequency as a function of tin 
concentration. The error bars represent 95% confidence band for fitting to 
exponential function, see Figure 7-6 
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Chapter 8: Mechanism of Gold Formation 
8.1. Introduction 
The process of gold nanoparticle (AuNP) formation in glass is very complex. 
In this chapter, we will discuss how the formation of AuNP takes place, starting from 
the Au+ ions in glass network: where are the electrons that are responsible for the 
reduction process; and what is the influence of SnO2 on these steps? In general, 
AuNP formation can be separated into three processes: (i) the reduction of Au+ to 
neutral Au0, (ii) formation of critical size gold metal nucleus, and (iii) growth of 
nucleus to form AuNP. [94, 152]. We begin with an assumption that ionic form of 
gold i.e. Au+ is the most stable form that would exist when added to pure SiO2 or 
typical silicate glass melts. In this state and in the absence of any transition metal 
impurities, there is no optical absorption so the glass appears completely colorless. 
At a given temperature and oxidation environment, some of the gold atoms can be 
present in the neutral state i.e. Au0. The solubility of Au+ or Au0 is a strong function of 
temperature, so that upon cooling the solubility decreases and gold begins to 
precipitate out while also undergoing reduction reaction Au+ → Au0, eventually 
forming AuNP of sufficient size to produce ruby color from its surface plasmon 
resonance. Below we discuss the mechanism of this transformation especially in 
relation to the presence of tin in glass, which Romans invented in ancient times.  
1. Reduction of Au+: an Au+ receives an electron and is reduced to Au0. This 
process will be extensively discussed in the following section. 
2. Formation of critical size gold metal nucleus: the atoms condense and 
form nucleus. They are very small (<1 nm in soda-lime silicate glasses  
[80]) as there is no distinct absorption of light, the glass containing such 
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nucleus appears colorless. At a faster cooling time, the nucleus does not 
have enough time to grow. 
3. Growth of nucleus to form AuNP: the nucleus grows in the reheating step. 
This process starts when the gold atoms diffuse, collide with the nucleus, 
and are absorbed. The diffusion coefficient  of  gold  in  glass  is 10-12  to 
10-14  m2/s at around 500 °C [28, 79, 139]. Another growth pathway 
occurs when the larger particles grow at the expense of smaller ones to 
minimize the surface energy, the so-called Ostwald ripening [80, 153, 
154].  
In the first two processes, the AuNPs grow according to the precipitation 
process of a supersaturated solution. Ostwald ripening, which takes place in the 
third process, occurs when the AuNPs are larger than critical size, ( > 1 nm in soda-
lime silicate glasses  [80]); as a result, the degree of supersaturation is minimal. This 
Ostwald ripening is explained by a Gibbs-Thomson effect due to the higher solubility 
of smaller nanoparticles (or clusters) [155, 156]. In reality, the nucleation and growth 
of small cluster occur simultaneously during the heat treatment [35]. 
 
8.2. Where are the Au atoms in the matrix? 
In this dissertation, gold was added as an Au3+ to the batch in the form of 
HAuCl4˙3H2O. According to the XANEs results in Chapter 5.3, gold was incorporated 
into the glass as a mixture of Au1+ and Au0; the mixture was then reduced to metallic 
gold upon reheating. In the as-quenched samples, higher SnO2 concentration 
resulted in a higher quantity of Au1+. From the beginning of the AuNP formation, a 
gold atom or a gold dimer could be trapped in three possible sites in silica glass: 
silicon dangling bonds [≡Si • ], neutral nonbridging oxygen [≡Si‒O • ] e.g. one with a 
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trapped hole, and the silanolate group [≡Si‒O- ] (an unbonded NBO with a negative 
charge) because of their higher abundance than other defects; oxygen vacancy, 
≡Si‒Si≡ , two-coordinated silicon, =Si : , etc. (the notation ‘ ≡ ’ represents three 
bonds with three different oxygen atoms in the glassy matrix) [157-159]. From our 
Au-EXAFS results, Au-O bonds and Au-Au bonds were found, but the ratio of these 
two species depended on the presence of SnO2, as shown in Figure 5-22. The 
samples, both with and without SnO2, had Au-O bonds and it was highly possible 
that Au+ ion bonded to NBO. Indeed, Antonietti et al. [157] reported that gold ion was 
trapped in both [≡Si‒O- ] and [≡Si • ] based on the simulation of first principles 
density functional theory and their experimental results from optical absorption.  
 
8.3. Where does e- come from? 
In the heat treatment process, the XANES data in Chapter 5.3 confirmed that 
Au1+ was reduced to Auo, as shown in Figure 5-19. The mechanism of AuNP 
formation would require electrons to reduce Au1+ to Auo. These electrons could come 
from three possible sources: NBO, Cl-, and ‘free oxygen’ ions (i.e. O2-). Since the 
concentration of chlorine is very small, statistically the probability would be small for 
this anion to act as a supplier of electrons. In the sample without SnO2, the electron 
source would only be related to NBO that bonded to silicon: [≡Si‒O • ] and [≡Si‒O- ]. 
Following a mechanism proposed for the formation of silver nanoparticles, we 
propose the following reaction [160-162]: 
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2(≡Si‒O- Au1+) ↔ ≡Si‒O‒Si≡ + O1- + (Au2)1+                  (8-1) 
O1- + (Au2)1+ → 2Au0 + 0.5O2                                     (8-2) 
This mechanism gives no consideration to the presence of SnO2, which is usually 
not present in silver containing silicate glasses.  
When Au2O represented the Au+−O units, the Eq. (8-1) and (8-2) could be 
combined and rewritten as: 
2Au2O → 4Au0 + O2                           (8-3) 
Another possible pathway that could have resulted in an intermediate 
compound of Au2O which yielded the same result as (8-3) could be described by the 
following reaction: 
2(≡Si‒O- Au1+) → ≡Si‒O‒Si≡ + Au‒O‒Au                (8-4) 
Au‒O‒Au → 2Au0 + 0.5O2         (8-5) 
Au‒O‒Au could also form a cluster of 4Au0 as in (8-3) without converting to a 
dimer. The cluster of four Au atoms could be in the geometry as shown in Figure 
8-1. Another possible pathway would be when the electron from NBO leaves 
naturally [≡Si‒O] without sharing oxygen with another silicon (≡Si‒O‒Si≡), which 
could follow the reaction: 
≡Si‒O- Au1+ ↔ ≡Si‒O • + e- + Au1+         (8-6) 
e- + Au1+ → Au0               (8-7) 
The EDX confirmed that Cl was present in the sample. It originally came from 
the raw material for gold, HAuCl4. In principle, the Cl could have a concentration four 
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times higher than that of the Au atoms if all of them remained in the matrix during 
glass fabrication. The reduction of Au that involved Cl- would follow: 
2Cl- + 2Au1+ → 2Au0 + Cl2           (8-8) 
The ‘free oxygen’, O2- (the anion similar to that in Na2O fused salt), that 
already existed in the glass could be another possible source of electrons in (8.2) 
reaction. The relation between BO, NBO, and O2− could follow the reaction [163, 
164]: 
O2- + BO → 2NBO       (8-9) 
 Nesbitt et al. [163] estimated O2- in the range of 0.1 to 3-6 mol% for 10 mol% 
and 50 mol% Na2O, respectively. Du and Cormack [165] found 0.47 mol% of O2- in 
50 mol% Na2O using the molecular dynamics simulation. Thus, the low 
concentration of O2- in the matrix would be less likely to give an electron to Au1+ but 
it is still one possible source of electrons. The possible dissociation reaction could 
follow: 
O2- + 2(Au2)1+ → 4Au0 + 0.5O2           (8-10) 
Furthermore, both Cl- and O2- are supposed to be at much lower 
concentrations when compared to NBO, making it even less probable that Au1+ 
received electron from those two species. Therefore, the electrons from NBO are 
proposed to be a main source for reduction process.  
After considering the results of this dissertation so far, a new model for the 
formation of AuNP controlled by electron (FACE) is introduced. The electrons are 
undoubtedly a very important part of gold reduction through Au+1 + e- → Au0. As 
mentioned above, the electrons from NBO are considered to be a main source in the 
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sample without SnO2. It was proved by the X-ray irradiation experiment (Chapter 
6.5) that the availability of electrons is the rate limiting factor. 
According to FACE model, Au+1 receives the electron mainly from NBO and 
is reduced to Au0 in the sample without tin. When the temperature increases, the 
diffusion of gold atoms also increases according to Eq. (6-5). However, AuNPs are 
unlikely to grow at a temperature lower than Tg where the glass is considered as a 
rigid network; under such conditions, AuNPs formation would require expansion of 
the local volume within the glass network and induce unacceptable local stresses 
around the growing AuNPs. The results from in situ UV-Vis experiments show that 
the growth of AuNPs starts after the temperature rises above the Tg. Then the glass 
network is more flexible to rearrange itself to accommodate the bigger AuNPs, which 
results from the gold atom diffusion and coalescence as shown in Figure 8-2. Then 
the imminent question is how SnO2 can affect this or any other pathway for the 
reduction of Au1+ and the formation of AuNP, which is discussed next. 
 
8.4. How does SnO2 influence the AuNP formation? 
According to our experimental results, SnO2 enhanced the reduction of Au1+ 
to Au0, as well as reduced the incubation time before the commencement of the 
growth of AuNPs as seen in ruby coloration, and increased the rate of the formation. 
A summary of observations on the as-quenched state to the heat-treated stage of 
the samples with and without SnO2 is shown in Table 8-1. Tin appears only in Sn4+ 
state and is coordinated with six oxygen atoms, according to XANES and EXAFS 
results, respectively. Thus, the SnO	octrahedra have two negative charges 
assuming corner sharing (see Figure 8-3), which needs two cations for charge 
compensation. Au+ and Na+ were considered to balance the negative charge on 
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SnO	 unit From the XANES and EXAFS results, it appears that gold atoms tended 
to form clusters in the samples without SnO2 due to lower solubility, but formed more 
Au-O bonds in the sample with SnO2 which mean that the gold might be closer to the 
oxygen of the SnO	 unit. According to the XANES results (Figure 5-16), the higher 
ratio of Au1+/Au0 in the as-quenched samples with SnO2 was converted faster to Au0, 
suggesting that SnO2 accelerated the reduction step. According to the UV-Vis results 
(Figure 6-9 (b)), SnO2 reduced the onset time and increased the AuNP formation 
rate. Thus, the growth of the AuNPs was helped by the presence of SnO2. These 
results indicate that SnO2 helped in the reduction step, Au1+ + e- → Au0, (observed 
by XANES), as well as in the growth step, Au0 + Au0 → AuNP (observed by UV-Vis 
spectroscopy). Of course, reduction must precede the growth step. So if reduction 
was the rate limiting step, UV-Vis spectroscopy will still show the same result since it 
does not detect the first step (that occurs prior to ruby coloration). 
For the reduction step, we propose that the electron at the NBOs within the 
SnO	 units in the sample with SnO2 are more readily available, possibly due to 
higher mobility, and thus help in the reduction process. In this case, we assume that 
electrons are loosely bonded to a SnO	 unit as compared to an electron that come 
from ordinary NBOs bonded to silicon. SnO	 acts as a glass network former, which 
would be a reason why we could not detect segregation of tin concentration in 
AuNPs with EDX. The electron affinity, the energy required to detach an electron 
from NBO, is reported to be 4.20 eV [159], and expected to be less for an electron 
from SnO	unit. These free gold atoms start to agglomerate and form nucleus. From 
both TEM and STEM, we found that SnO2 in gold ruby glass leads to the formation 
of a larger number, but smaller sized, AuNPs. This observation suggests that SnO2 
helps in the nucleation process, resulting in narrower size distribution as shown in 
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Figure 5-1. The same observation of size distribution was previously found in other 
systems with tin or antimony as dopants [27]. 
In the growth step, according to Tress [19] and Doremus [82], gold diffuses in 
the glass as free atoms, not as free ions. The loosely bonded electrons in  SnO	 
facilitate faster reduction to form  Au0, which then forms AuNP nucleus at lower 
temperatures. Then, these Au0 start to grow faster than the samples without tin as 
observed in our results from UV-Vis spectroscopy  - see Figure 6-9 (b) and Table 
6-2. Generally, the growth of AuNPs requires energy to overcome the energy barrier 
for gold atoms to move in glass, and to overcome energy barrier to combine with 
existing particles at the interface. The growth of AuNPs would require the glass 
network to reorganize itself to open the space for bigger AuNPs irrespective of 
doping with tin, as shown in Figure 8-4. One possibility is that the SnO2 increases 
the flexibility of glass networks at high temperatures during heat treatment. The 
flexibility would decrease the elastic strain energy, resulting in faster diffusion of gold 
atoms. SnO2 also might act as a surfactant to lower the surface energy, meaning the 
interfacial energy barrier for the Au atom to join an existing AuNP. If the gold atoms 
are supplied by an existing small AuNP, the net result will be faster Ostwald 
ripening. 
One might argue that the shorter incubation time for the tin doped sample 
relative to undoped sample (Table 6-2) is because SnO2 accelerates the reduction 
step. However, as demonstrated by the EXAFS results, Au-Au bonds are the 
predominant species in the samples without SnO2, while Au-O bonds are 
predominant in the samples with SnO2 (Figure 5-22). Therefore, AuNPs are already 
formed in the sample without SnO2, presumably too small to be seen by SPR, but 
the growth rate is lower during heat treatment than for the sample with SnO2. Thus, 
SnO2 truly helps in the growth process, not just the reduction process. 
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In short, the role of SnO2 in the introduction of ruby color or the AuNP 
formation in alkali silicate sample can be described by the following factors: 
 i) During melting, SnO2 increases the solubility of gold in the melt,  
ii) During cooling, Au1+ is uniformly distributed in glass matrix and bonded to 
[≡Si‒O • ] and/or [≡Si‒O- ] due to higher solubility (however, gold tends to form 
clusters in the sample without SnO2 due to lower solubility),  
iii) During the reduction process, the electrons from SnO	 unit are more 
mobile and reduce Au1+ faster than the electrons from NBO of usual silicate network 
free of tin. Therefore, SnO	 unit acts as a nucleating agent, and  
iv) SnO2 reduces the energy barrier of gold atom to diffuse and combine with 
existing particles, resulting in a faster growth process. 
 
8.5. Conclusion 
In the as-quenched stage, the gold ions are likely to bond with NBO whether 
or not the sample contains tin oxide. However, gold atoms in the sample without 
SnO2, tend to form gold clusters. During the heat treatment of such samples, we 
propose that electrons coming from NBOs are used in the reduction of Au1+ to Au0. 
The diffusion and Ostwald ripening processes govern the growth process of gold 
particles.  
Next, the question arises what happens to these steps when the sample is 
doped with tin. For this, we have proposed a new model that describes the influence 
of SnO2 on the AuNP formation as follows: i) The presence of tin, which introduces 
SnO	 units and increases the solubility of gold, promotes a more random 
136 
 
distribution of Au+1 in glass matrix than in undoped sample., ii) the electrons in SnO	 
unit are less tightly attached and therefore are more mobile than the electrons in 
NBO of silicate network; thus tin doping enhances the reduction process, and iii) 
SnO2 lowers the surface energy as a surfactant so that AuNPs can grow at a faster 
rate.  
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Table 8-1. The observations in each stage of the sample with and without SnO2. 
Sample 
stage  
Techniques Without SnO2 With SnO2 
As-
quenched 
XANES Lower ratio of Au+/Au0 Higher ratio of Au+/Au0 
EXAFS Au-Au dominated Au-O dominated 
UV-Vis 
No SPR peak was 
observed 
Small SPR peak for high 
SnO2 
Color 
- Tint of brown if slow 
cooled. 
- Colorless if fast cooled. 
- Red in high SnO2 and 
slowly cooled. 
- Colorless if fast cooled. 
During heat 
treatment 
XANES Au1+ → Au0 at slow rate Au1+ → Au0 at fast rate 
UV-Vis 
SPR peak starts to grow 
after 30 min at 550 °C 
SPR peak starts to grow 
at 450 °C in 0.1 mol% 
SnO2 
After heat 
treatment 
XANES 
Mostly Au0 but less than 
with SnO2 
Mostly Au0 
EXAFS Au-Au dominated Au-Au dominated 
UV-Vis SPR peak ~ 580 nm SPR peak ~ 520-560 nm 
Color More Brown Deep red 
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Figure 8-1. The calculated ground state geometries of gold cluster of Aun 
where n=2–14 and 20. The symmetries of the clusters, some of the bond lengths (in 
Å), and one bond angle are also displayed, adopted from [166]. 
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(a) 
 
(b) 
Figure 8-2. Schematic drawing of a 2-dimensional structure for a sodium 
silicate glass doped with gold (a) as-quenched sample and (b) after heat treatment 
sample. A fourth oxygen would be located above or below each silicon, and hence 
not shown here. 
       
Figure 8-3. Schematic drawing of a 3-dimensional structure for SnO	 
connected to SiO4 tetrahedra. The blue shade indicates the area where two 
electrons are loosely bonded to the SnO	 unit. 
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(a) 
 
(b) 
Figure 8-4. Schematic drawing of a 2-dimensional structure for a sodium 
silicate glass doped with gold and tin: (a) as-quenched sample, and (b) after the heat 
treatment. A fourth oxygen would be located above or below each silicon. A fifth and 
sixth oxygen associated with SnO	 would be located above and below tin. 
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Chapter 9: Overall Conclusions and Future 
Works 
9.1. Conclusions 
The investigation results were combined to answer three main questions as 
outlined in Chapter 2: 
(i) What is the rate limiting process in the formation of AuNPs, which is 
responsible for various characteristics of ruby glass? 
(ii) How does tin help speed up the formation of metallic gold particles in ruby 
glass? 
(iii) How do gold and tin dopings of a simple binary sodium silicate ruby glass 
affect its physical properties such as electrical conductivity, color, and optical 
nonlinearity?  
In this dissertation, gold-doped sodium trisilicate glass has been investigated 
as a model system for understanding the optical, electrical, and thermal properties of 
noble-metal glass nano-composites. From the characterization of its atomistic 
structure and microstructure XANES, EXAFS, UV-Vis spectroscopy, the formation of 
AuNPs was monitored with in situ measurements in real time. The effect of SnO2 on 
the physical properties and the formation of AuNPs was also investigated. 
Spherical and non-spherical AuNPs were found in the glass matrix after 
annealing from TEM and STEM observations. The heat treatment typically increased 
the size of gold nanoparticles. A smaller mean size and narrower size distribution of 
AuNPs were found in the sample with higher SnO2 concentration. The d-spacing for 
AuNP agreed with bulk gold crystal value. The coalescence of two particles could 
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occur before or during the quenching process because different orientations were 
found in several AuNPs. Some particles appeared to have core-shell structures but 
the EDX analysis showed no direct evidence of higher Sn, Na, or Cl concentration in 
or surrounding the AuNPs. 
From the chemical structure observed by XANES, gold changed states from 
Au1+ to Au0 upon heat treatment at 500˚C but the, tin remained as Sn4+ ions 
throughout the in situ XANES experiments. According to EXAFS observations, all 
samples already formed clusters of gold in the as-quenched state; however, the 
samples without SnO2 had a higher volume fraction of gold clusters as compared to 
the sample with SnO2 due to an increase of the gold solubility in glass by SnO2. All 
samples showed that Sn4+ ions were in the distorted octahedral site surrounded  
mainly by oxygen. 
Regarding the optical properties, varying additions of gold or tin the FT-IR 
showed no clear trend in the BO/NBO ratio within the experimental error, especially 
due to surface structure change. After analyzing the UV-Vis spectroscopy, a blue 
shift in the maximum absorption wavelength of gold-ruby glass was observed in 
samples doped with tin when compared to undoped samples.  This observation 
indicated that the addition of SnO2 caused gold nanoparticles to be smaller and 
confirmed the S/TEM observation.  Tin was found to decrease the time at the 
beginning of gold nanoparticle formation and increase the rate of the formation. The 
open Z-scan technique showed nonlinearity which demonstrated an optical limiting 
behavior, which is useful for applications such as laser safety. The samples with 
higher gold showed higher level of nonlinear absorption coefficient, β. However, the 
addition of SnO2 lowered β levels. Furthermore, the negative β or positive β was 
found in the tin doped samples, depending on the laser intensity.  
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We introduced a new model for the formation of AuNP controlled by electron 
(FACE) availability. The model here given is based on the results in this dissertation 
that electrons in the reduction reaction Au+1 + e- → Au0 and control the growth 
process. To prove this model, additional electrons were generated by X-ray 
irradiation before and during the heat treatment. The faster growth rate was 
observed by the availability of these additional electrons. The in situ X- irradiation 
experiment confirmed that the availability of electrons is crucial for the reduction of 
gold ions and this reduction is the rate limiting process. Furthermore, X-irradiation 
more effectively enhanced the growth if the sample was irradiated during heating 
instead of before heating because the electrons were continues availability. 
However, the reduction process induced by X-irradiation was weaker when the 
higher SnO2 was present in the glasses. After the reduction stage, the growth of 
AuNPs, Au0 + Au0 → AuNP, was controlled by the diffusion of gold atoms and 
Ostwald ripening of particles. 
The key features of SnO2 on the AuNP formation involve: i) SnO2 increase 
the solubility of gold in glass and Au+1 is highly distributed in glass matrix and is 
bonded to [≡Si‒O • ] and/or [≡Si‒O- ] in as-quenched stage, ii) the electrons from 
SnO	 unit are more mobile than electrons from NBO of silicate network, and iii) 
SnO2 act as a surfactant to lower the surface energy so AuNPs could grow at a 
faster rate. The experimental results are in excellent qualitative agreement with the 
proposed FACE model. 
The impedance spectroscopy revealed that doping with Au or SnO2 
increases electrical conductivity of sodium trisilicate glass. Furthermore, the 
decrease of activation energy of DC conductivity can originate from both increase 
the mobility of sodium ions and increase of the dielectric constant. Au doping causes 
general expansion of molar volume which decreases steric hindrance for the motion 
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of sodium ions. In turn, it decreases the activation energy and increases the ionic 
conductivity of glass, as observed. Conversly, the higher conductivity with increasing 
tin concentration of glass (irrespective of gold doping) suggested that the increased 
polarizability of the glass structure brought about by the presence of tin ions. The 
result is an increase in overall dielectric constant which reduces the Coulombic 
barrier for sodium ion diffusion.  
There was no clear trend observed in either the density or the Tg to 
demonstrate that adding a small amount of tin and gold to the glass would change 
the density or the Tg dramatically. Based on the density data, the reflective index is 
in the range of 1.517-1.518. 
This work investigated gold in sodium trisilicate glasses but the same ideas 
can be applied to understand metal-glass composites in general. The FACE model 
and proposed mechanism of how SnO2 affects the formation of gold provide a new 
perspective of the electron dynamics in silicate glasses. This dissertation is an 
attempt to develop a comprehensive understanding of the formation of gold or other 
metals in glass-metal nano-composite. Furthermore, the effect of gold and other 
dopants on some of the physical properties of host glass, such as electrical 
conductivity and optical nonlinearity, has been explored for the first time. This new 
basic knowledge could be applied in a wide range of applications in optical, 
optoelectronic, and photothermal devices such as sensors, optical amplifiers, optical 
limiters, switches, polarization control, and local heating source. 
 
9.2. Future works 
In this dissertation, the gold-doped glass has been studied for the formation 
of gold using in situ experiment: the effect of gold and SnO2 to the properties of 
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glasses. However, there remain questions that are yet unanswered. These 
questions involve  preparations, characterizations, and analyses. The following are 
critical topics that could be extended from this dissertation, separated by 
scientific/mechanistic and technological motivation: 
9.2.1. Scientific motivation 
1) The reduction pathways of gold which are proposed in Chapter 8.3 could 
be proved or disproved by investigating the initial species and/or 
byproducts of the reactions of? [≡Si‒O‒Si≡], [≡Si‒O • ], O2 and Cl2. 
Photoluminescence is another phenomenon that could help establish and 
distinguish gold atoms from other possible luminescent species in a 
glass. For example, [≡Si‒O • ], [≡Si–O−Na+], [≡Si–O–Au2] −, and [≡Si–O–
Au] – complex, which are possibly present in glass, could be altered at 
different stages of the formation of AuNPs by the heat treatment [80]. O2 
and Cl2 could be detected by gas sensors that normally have sensitivity in 
the level of few ppm. However, the heating stage and position of gas 
sensor have to be specially designed because the normal operation 
temperatures of these gas sensors are lower than the temperature range 
of gold formation. 
2) The simulation of glass structure doped with gold could be a starting point 
for EXAFS fitting of the data for different heat treatments. From the 
simulation models, the location of each atom related to gold could be 
further used to calculate the scattering paths for each atom and used 
within the fitting model in EXAFS. 
3) There is a little knowledge about how the metal nanoparticles in glass 
affect the electrical properties of glass. Several questions are waiting to 
be investigated: for example, how the different compositions and 
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preparation methods are expected to change the nature of metal 
nanoparticles because the interaction of gold to the glass matrix could 
alter the nucleation/growth and ultimately influence electrical properties. 
Co-doping with other metals or rare earth elements could enhance 
electrical properties. From my curiosity experiment, the unwanted cross 
contamination with copper and zinc from the contaminated Pt-Crucible 
interestingly increased the conductivity in the sample containing gold and 
tin. 
4) The EELS in the STEM can be utilized to probe the chemical state 
change in the matrix near the AuNPs. In principle, this technique can 
probe the local dielectric constant around the AuNPs, which could be 
changing during the beginning of the AuNP formation as proposed in this 
dissertation. Then, the local dielectric constant around the AuNPs could 
be employed to calculate SPR based on Mie’s theory to compare with the 
UV-Vis results. 
9.2.2. Technological motivation  
1) FACE model can be applied to lower the cost or develop potential optical 
devices by using several irradiation sources. UV-Vis irradiation, for 
example, can lower the cost of production of ruby glass by lowering the 
temperature and time of heat treatment. Laser [33] and X-ray lithography 
[35] are examples of more precise irradiation which are suitable for the 
integration of optical path on the surface or 3-D structure inside a glass. 
2) It is possible to improve the nonlinearity of gold-doped glass for 
applications such as laser safety by increasing the size of AuNPs with 
longer heat treatment time and higher temperature, especially for the 
sample without tin which showed the strongest nonlinear behavior. In the 
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case of longer heat treatment and higher temperature, the blue gold-
doped glass could be expected because of increase of the size of AuNPs 
[10]. 
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Appendix A 
Potential contamination in the sample preparation 
There appeared to be some contamination of Au in the samples - possibly 
from the Pt crucible. From the X-ray absorption edge jumps, which gave a relative 
amount of Au and Sn, the concentrations showed the same trend as the nominal 
starting glass composition. The samples doped with SnO2 had a higher 
contamination of Au (~ 60ppm) than non-tin samples (30 ppm). This might explain 
the color in the early sample of 0.05 mol% SnO2 and 0.1 mol% SnO2. The higher 
concentration of gold resulted from doped the sample with SnO2, indicating that 
SnO2 indeed helped dissolve gold in glass. However, due to a low concentration, the 
oxidation state of contaminated Au could not be confirmed. TEM and STEM proved 
the appearance of AuNPs for non-gold samples that used the same crucible. 
Therefore, to prevent the cross contamination, the crucible should not be used with 
gold before making pure tin samples. When a new crucible was used, the glasses 
had no color and there was no observed absorption of Au L3 edge. 
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